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Dedication
We respectively dedicate this keynote paper to our late colleague and esteemed mentor Dr. M. Eugene
Merchant, whose distinguished life and career inspired us to embark on an ambitious quest for new
paradigms in production engineering.

Abstract
Collaborative engineering is the practical application of collaboration sciences to the engineering
domain. In today’s highly connected technology-driven economy, the production industry must rely
on the best practices of collaborative engineering to stay competitive when designing, manufacturing, and operating complex machines, processes, and systems on a global scale. Despite its importance, collaborative engineering is currently more of a practiced art than a scientific discipline. A
better understanding of how engineers should collaborate with all stakeholders to accomplish complex tasks that fulfill our increasing social responsibilities is a grand challenge. However, because we
currently lack well-defined sciences of human collaboration, we must first establish a scientific foundation of collaborative engineering to develop this emerging field into a rigorous discipline. This
paper reports on the CIRP community’s collective efforts to establish such a scientific foundation
according to the “Observation  Hypothesis  Theory” development pathway. Our objective is to
spearhead the rigorous development of this new human-centered engineering discipline so that useful knowledge can be generated to educate students and practical guidelines can be developed to
enable engineers to become more productive collaboration leaders in the new global production industry.
Keywords: design, manufacturing, collaboration
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1 Introduction
Engineers create functional and purposeful artifacts, including technical products, services, and systems, to fulfill changing societal needs. The never-ending demands for better
function, lower cost, higher quality, shorter lead-time, and increasing social responsibilities have made engineering a very demanding profession. For example, today’s production engineers are often asked to design, manufacture, and operate complex machines and
processes that cannot be effectively addressed by any conventional ways. In these cases,
production engineers with complementary expertise and resources must work with many
stakeholders who have competing interests to reach technical agreements that can simultaneously satisfy multiple objectives. Recent trends in lifecycle engineering and market
globalization have introduced additional challenges into the production engineering profession. The desire for incorporating multiple lifecycle considerations calls for tighter integration of diverse knowledge, and hence favors collocation of engineers [1]. Meanwhile,
market globalization necessitates that engineering teams be decentralized and distributed
around the world to be close to local customers [2]. This “integration vs. distribution” paradox calls for new approaches that can facilitate the creation of “shared minds among multiple stakeholders” within and/or across engineering organizations. This is the goal of the
field of “collaborative engineering” [3]. The aim of this emerging human-centered discipline is to enable engineers and engineering companies to work more effectively with all
stakeholders in achieving rational agreements and performing collaborative actions across
various cultural, disciplinary, geographic, and temporal boundaries. In today’s global production industry, good collaborative engineering practice can improve task-work results
with rewarding teamwork experiences, which can greatly improve the competitiveness of
production engineering enterprises in both the short- and long-term.
Collaboration is the process of multiple people working together interdependently to
achieve a greater goal than is possible for any individual to accomplish alone [4]. Although
the concept is as old as human civilization, collaboration is often taken for granted, overlooked, misunderstood, and poorly accomplished in practice. In a fully connected society,
collaboration is ubiquitous in all professional activities, ranging from technical projects for
business pursuits to international efforts such as space exploration and combating global
warming. Despite its great importance, we lack fundamental knowledge about human collaboration and its underlying sciences. For example, in current industry practice, collaboration occurs at all phases and has become an integral part of any engineering project.
Although we can recognize the good results of successful collaborations, our ability to recreate the desired collaboration process and train engineers to better collaborate with each
other is still very limited [5]. Failure to understand this important activity has led to many
harmful consequences and economic losses in the industry. As complexities and demands
of the engineering profession increase rapidly, poor collaborations often result in major
project breakdowns, long time delays, huge resource wastes, and high rework costs, which
hinder our industry’s ability to remain competitive in the dynamic global market.
To support the global competitiveness of our industry, we must transform collaborative
engineering from “a black art practiced by the few” to “a rigorous discipline understood
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by the many.” A direct way to study collaborative engineering is to begin with collaboration sciences; however, there currently are no consolidated sciences of human collaboration. Worse yet, research in this area have been hindered by resistances based on a strict
deterministic philosophy of traditional sciences as well as misunderstandings resulting
from some early works. For example, some consider human collaboration to be an acquired
social skill that belongs to the “practice of the trade” and hence can never be studied scientifically. They insist that “if one can’t first provide complete mathematical proof of existence, uniqueness, stability, and convergence properties of collaboration, then there is no
intellectual substance to collaborative engineering research” [6]. We disagree with this
opinion. First, we are not convinced that mathematical models alone, at least the kinds that
are based on traditional mathematics, would be adequate to deal with a dynamic sociotechnical subject that is so driven by group interactions and influenced by human preferences [7]. Second, we do not believe that “because a rigorous mathematical theory does not
yet exist, the subject cannot be dealt with seriously or systematically.” In fact, an examination of the history of technology development will reveal that many important engineering
subjects were rigorously studied and actively practiced by engineers long before their scientific theories and mathematical proofs were available. Had we waited for rigorous mathematical proofs of thermodynamic laws before making combustion engines, we would
most likely still be riding on horseback today. The scientific community should take an openminded stance toward collaborative engineering, so that innovative thinking, alternative
theories, and different approaches can be explored to address this challenging subject [8].
A major confusion in collaborative engineering research comes from an old myth in
social choice studies [9], which states that “group decision-making is inherently chaotic
because there is no rational means to derive a consistent group preference from individual
preferences.” As a result, some researchers have argued that the only scientifically viable
means to achieve a group decision is to rely on a “supra decision maker” who takes members’ interests into consideration and makes an autocratic decision for all [10]. This means
that the opportunity for engineers to actively participate in making joint decisions and rational agreements, which is the principal benefit of collaborative engineering, would be
unilaterally taken away. This would result in a human collaboration problem being hastily
reduced to a multi-attribute decision task [11]. Another obstacle stems from a misunderstanding by some researchers who treat collaborative engineering, in a mathematical
sense, as a “cooperative game.” But, according to the formal definition of game theory
research [12], a cooperative game is one in which any cooperation is enforceable by an
outside party. As such, collaborative engineering practice can be either a cooperative or a
noncooperative game, depending on the “enforceability” of collaboration results, rather than
on the members’ collaborative behaviors. Thus, cooperative game strategy alone is not sufficient as the scientific foundation for collaborative engineering research. Further, games
do not adequately capture all types of engineering collaboration activities in industry practice. For example, while multiple players interact to make separate decisions in games,
engineers often must work together to reach a single joint decisions in teamwork. Achieving consensual agreements through joint decisions is the hallmark of collaborative engineering, which is not the focus of game research.
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Short of well-established collaboration sciences and in view of existing misunderstandings, how can we pursue the necessary scientific knowledge to develop a theory (or theories)
of collaborative engineering? To answer this question, we need to consider whether, and
in what way, knowledge of human collaboration is fundamentally different from that in
other scientific fields, as well as whether, according to the criteria of “normal sciences,”
there could be a collaborative engineering theory and what it would encompass. Since collaborative engineering is a “human-centered” technical activity, its research must incorporate
the sciences of the natural (e.g., physics) and of the artificial (e.g., preferences) [13]. The required
paradigm shift [14], broad trans-disciplinary knowledge, and strong cross-functional requirements have made collaborative engineering studies very difficult and mostly ad-hoc
to date. Replacing these informal investigations with a scientifically grounded rigorous
foundation to effectively guide collaborative engineering research is the grand challenge
we face today [15].
1.1 The ECN Working Group at CIRP
As an international research organization that prides itself on system-level subject with
human-centered approach to production engineering, the Scientific and Technical Committee on Design (STC-Dn) in CIRP took on this grand challenge by establishing a new
working group (WG) on “Engineering as Collaborative Negotiation” (ECN) in 2003 [16].
Initially, this CIRP/ECN-WG was formed to study the collaborative negotiation tasks that
commonly take place in large engineering projects. Our original intention was to investigate different engineering group decision-making activities from a “negotiation” viewpoint, which represents a different paradigm than those existing approaches that are based
on deterministic optimizations. However, after some preliminary studies, we soon realized
that ECN was an expansive concept that could serve as a basic research hypothesis for the
participative joint decision making task in collaborative engineering. Since then, we have
adapted the notion of collaborative negotiation as a “means” to realize the “goal” of collaborative engineering. Consequentially, we modified the original ECN acronym to “Engineering Collaboration via Negotiation” to better characterize the scope of our research
efforts [17]. As such, the current focus of the ECN-WG is to employ ECN as a research
hypothesis to explore various participative joint decision principles and practices in collaborative engineering [18].
This keynote paper is part of the collective efforts of the CIRP/ECN-WG during its first
three years. The proposed scientific foundation follows the development pathway commonly used in other scientific studies. Whether or not this pathway can eventually lead to
a “science of collaborative engineering,” at least to the kind of “normal science” with which
engineers are most familiar, we believe that our efforts will improve the understanding of
this important subject and enhance the effectiveness of its industrial practices. Rather than
debating whether there is an “exact science” of collaborative engineering, our goal is to
spearhead the rigorous development of this human-centered engineering field so that useful knowledge can be generated to teach students and practical guidelines can be developed to help engineers become better collaboration leaders in the new global economy.
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1.2 A Collaborative Engineering Problem Roadmap
Because of the lack of a clear understanding of the discipline, many projects that involve
real engineering collaboration do not bear the name of collaborative engineering, while
many methods and tools that carry the label of collaborative engineering do not tackle the
core issues of engineering collaboration. Thus, it is necessary to define a roadmap to guide
in-depth investigations of this broad subject. Based on the required knowledge types and
decision styles for their solutions, we have developed a problem roadmap to define the
scope of collaborative engineering studies (Table 1).
Table 1. Collaborative engineering problem roadmap
Roadmap
Decision Style / Knowledge Type
Individual and Isolate Decision
Interactive and Separate Decision
Joint and Collective Decision

(Brute Reality)
Sciences of the Natural

(Social Reality)
Sciences of the Artificial

Preference-Neutral Knowledge

Preference-Drive Knowledge

Optimization of a system
of government equations

Classical decision
(preference) analyses

Optimization with multiple
objectives and criteria

(Non-cooperative) game
and theoretic approaches

Exploration of definitions,
objectives, and criteria

Co-construct and negotiate
satisfactory agreements

Two kinds of problems are identified according to their required knowledge types [19].
Solutions for the first kind involve only deterministic knowledge that is independent of
human preferences (i.e., preference-neutral). Solutions for the second kind entail socially
constructed knowledge derived from human perspectives and interactions (e.g., preferencedriven). These solutions only remain “valid” when there are consensual agreements among
stakeholders. The Roadmap also defines three different decision styles: an individual
makes a single decision in isolation (one person, one decision), several individuals interact
and make separate decisions (multiple persons, multiple decisions), and many individuals
interact to achieve an agreement (multiple persons, one decision).
If one person makes a decision based on preference-neutral knowledge, mathematical
optimizations of system equations derived from science-based domain models are the
common approach to take [20]. When this person makes one decision in isolation with
preference-driven knowledge, he/she can use classical decision techniques that provide
rigorous analyses of preferences and risks [21]. When several persons interact to make separate decisions using preference-neutral knowledge, advanced multiple attribute (or objective) optimization methods are needed to handle these manifold problems [22]. If
preference-driven knowledge is involved, these persons can employ approaches from noncooperative game theory to find the optimal decision strategy for themselves [12]. Many
existing approaches (see Section 3) have already addressed these problems thoroughly.
The roadmap shows that the joint and collective decision is needed for both preferenceneutral and preference-driven knowledge. Collaborative engineering approach is most relevant and important here. Even for problems that are based on preference-neutral knowledge,
the tasks could be highly complex and not completely structured so that joint efforts from
multiple individuals would be needed to collaboratively explore the problem definitions,
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solution objectives, and evaluation criteria. Finally, when problems are preference and
opinion based, many individuals must engage in collaborative negotiating to reach a consensual agreement that is satisfactory to all. These problems are the most important challenges in production engineering and the focus of our collaborative engineering studies.
1.3 The Structure of the Scientific Foundation
Without well-established human collaboration sciences to support collaborative engineering research, we need a foundation that conforms to the rigorous requirements and methods of scientific pursuits to support our research. A useful scientific foundation must have
a logical structure (i.e., development pathway) to ensure the scientific rigor of the studies
[14]. The foundation should also offer some carefully synthesized concepts and frameworks that can provide the research community with guidelines by which to study the
subject scientifically. With this scientific foundation, theoretical development, practical
validation, and continuous improvement of the domain knowledge and rigorous theories
can take place systematically and be used to advance understandings of the field. Figure 1
shows the structure and key elements of our scientific foundation of collaborative engineering. Specific section numbers are included in this figure so that it can serve as a “graphical table of contents” for the paper.

Figure 1. The structure and key elements of a scientific foundation of collaborative engineering

This scientific foundation follows the “Observation  Hypothesis  Theory” development pathway commonly used in many scientific studies [23]. The key elements (i.e., concepts and frameworks) are organized according to this three-layered structure. The
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“Observation” layer consists of our observations of the current challenges and practices of
engineering team, a collaborative engineering definition, and an explanation of the participative joint decision task that is the focus of our research. The next layer includes the ECN
research hypothesis and a new collaborative engineering process derived from this hypothesis. This layer also clarifies how the dynamic collaborative engineering process can
lead to rational joint decisions. Anchored by this ECN hypothesis, the “Theory” layer begins with a socio-technical framework for collaborative engineering that follows the
“WHO  WHAT  WHY  HOW” cycle to attain a team agreement [24]. This layer also
contains needed theoretical models and practical techniques for understanding collaborative behaviors, managing social constructions, aggregating team preferences, and supporting joint negotiations [25].
1.4 Organization of the Paper
The intended readers of this paper are production engineering researchers, analytically
minded industrial managers and practitioners, and engineering students interested in collaborative engineering. The paper begins with an assessment of present industrial practices in Section 2, followed by a review of current approaches and related CIRP activities
in Section 3. Next, we present the necessary background knowledge and key concepts of
collaborative engineering research in Section4. Section 5 presents the ECN hypothesis as a
means to accomplish participative joint decisions in collaborative engineering practice. An
explanation of how this dynamic process can meet the requirements of a rational decision
is included.
Our theoretical development begins in Section 6 with a Socio-Technical Framework
(STF) for collaborative engineering. The needed theoretical models and practical techniques
to instantiate the STF are discussed. Sociotechnical co-construction steps are explained in
Section 7 as an implementation example to make the above ECN-based collaborative engineering process operational. We also include an example research approach that models
stakeholder social interactions and evolving perspectives in engineering teamwork. An industrial case study is presented in Section 8 to validate our research approach. Section 9
concludes the paper with a summary that emphasizes the urgent need for and potential
impact of this exciting new discipline in production engineering.
2 Collaborative Engineering in Industry
Existing collaborative engineering practices in production industry are too numerous to
count [26]. Some of them are at the organizational level, while the majority has been used
for technical support. Despite the lack of scientific maturity of the discipline and the difficulty in assessing Returns on Investments (RoIs), some applications are regarded as quite
successful in terms of tangible cost savings and productivity enhancements to organizations. Unfortunately, there are also many other attempts that are costly and have not resulted in measurable advantages over traditional practices [27]. To provide an appropriate
setting for research, it is instructive to first examine the current industrial practices and
challenges of collaborative engineering. Section 2.1 explains the practical needs for better
collaborations as the production industry becomes global. Section 2.2 describes the benefits
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of collaborative engineering in various industry sectors to illustrate the potential impact of
this practice. Section 2.3 characterizes the challenges of collaborative engineering practices
to show the urgent need for additional research. Section 2.4 summarizes the features of
successful collaborative engineering projects to guide our research efforts. We should note
that many of the industry application projects mentioned here may not bear the name of
collaborative engineering explicitly. But, their development focuses all closely relate to the
goal of supporting and enhancing engineering collaboration among multiple stakeholders.
2.1 Practical Needs for Collaborative Engineering
In today’s highly competitive industrial environment, no individual can accomplish production engineering tasks alone. Collaboration is necessary at every technical and organizational level. The needs for collaborative engineering can be best appreciated by
examining the amount of collaborative efforts required by large-scale development projects that involve many distributed stakeholders. A good example is the development of
the Airbus aircraft by multiple companies from different European countries [28]. Figure
2 shows the responsibilities of five countries that must work together as main contractors
to deliver a complex, functional, reliable, and competitive product. On average, up to 39
nationalities could be involved as subcontractors and vendors in one such large aircraft
development program.

Figure 2. An example large development project [28]

Besides collaborations at the organizational level across national borders, much technical collaboration also occurs within the company. For example, to deliver an aircraft fuselage, engineers responsible for various subsystems must work together to come up with
an integrated design that can accommodate the crew and the passengers or the cargo. The
red color in Figure 3 indicates areas where multiple stakeholders with different responsi-
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bilities must collaborate in making joint decisions to attain agreement on respective subsystem designs. Besides these intracompany collaborations, engineers also must engage in
intercompany collaborations with various stakeholders from different companies and
countries to ensure that the fuselage will work with other aircraft subsystems. It was reported that about 26% of project meetings of Airbus contractors involve international partners [28]. More than 400 one-day trips are taken by Airbus engineers to collaborate with
stakeholders on a daily basis.

Figure 3. Collaboration among aircraft subsystems [28]

Faced with these demanding collaboration tasks, it is interesting to note that meetings
are still the most common method of collaborative engineering activity in industry to date.
For example, Airbus engineers spend an average of 49% of their daily activities in meetings
and discussions with other stakeholders [28]. Paper documents and electronic files, such
as email records, are still the standard for supporting these technical meetings. It was reported that 50–80% of the documents used in these meetings are in paper form and that
70% are for multicultural working sessions only. In short, engineering has become a highly
collaborative activity in industry today, but engineering collaboration knowledge and tools
are still very poorly developed.
2.2 Benefits of Collaborative Engineering
Effective collaboration supports can, for example, help resolve conflicts early in the design
stage and reduce product development lead-time and manufacturing costs. Some companies have used collaborative computer tools to realize measurable benefits. For instance,
by using a collaborative design tool to develop laser printers, Canon achieved significant
reductions in design iterations, total costs, and lead-time [29]. Hewlett-Packard reported a
135% RoI after 1 month and 240% RoI after 3 months in travel costs alone, associated with
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their global product development projects [29]. Typical benefits that industry can expect
from successful collaborative engineering applications fall into two categories: teamwork
(i.e., process) paybacks and task-work (i.e., result) paybacks. Improvements to teamwork
include better communication between team members, possibility of remote teamwork,
shared understandings, collaborative generation of new ideas, fast turnaround on collective decisions, improved respect and appreciation among team members, and improved
employee morale and responsibilities. Some positive impacts on task-work are shortened
development time, improved product innovation, better technology integration and utilization, increased product and process quality, enhanced total value, and lower development and production costs. The following examples further illustrate some of these values
and benefits in industry [18].
Silicon Graphics has used intranet infrastructure to support its global product development teams, including the interactive TV group, located in Orlando and Tokyo, and the
computer chip design team, located in Japan, Switzerland, and California [18]. Collaborative engineering teams are able to get their products to market more quickly with higher
quality and reduced time and costs. To enhance collaboration, National Semiconductor
used collaborative engineering approaches in its distributed engineering and business
practices [18]. The reported benefits include accelerated development process, faster deployment and distribution, closer to local customers and markets, and better connections
among company’s innovators. McDonnell Douglas (now Boeing) used collaborative engineering approaches to improve its distribution and synchronization of product information between multiple development sites and with its outside suppliers and customers
[18]. Thiokol, which is a major supplier for NASA’s Space Shuttle program, employs approximately 3,600 engineers at its 19,000-acre Ogden, Utah, propulsion manufacturing facility [18]. Collaborative engineering approaches helped the company to achieve efficient
sharing and exchange of engineering data among divisions in this complex. Iomega, a leading producer of computer storage devices, had at one time developed products on many
separate CAD workstations, without the benefit of integration [18]. Engineers wasted efforts in costly iterations to iron out conflicts that resulted from technical decisions made
by different groups without collaboration. With collaborative engineering practices, it was
able to achieve a 50% reduction in development time. Boeing has used digital preassembly
and virtual reality tools to explore complex aircraft models during design stages [30]. Adding the collaborative engineering practice into advanced CAE environments, the company
was able to enable distributed teams to reduce product development time. Many more
examples of collaborative engineering applications that have brought out tangible benefits
can be found in various industries today.
2.3 Challenges of Collaborative Engineering
When counting the name designations used by computer tools available on the market,
there seems to be no shortage of collaborative engineering solutions today. However, a
closer check of these “solutions” reveals that many of them are not addressing the real
collaborative engineering challenges faced by industry. The problems for which the collaborative engineering approach is the most important in industry have the following characteristics:
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1.

The problems are always ill defined (i.e., solutions depend on problem formulations; hence, there are disagreements about how to define the problems).

2.

Due to various resource and knowledge limitations, the problems are open-ended
and characterized by technical complexities and/or scientific uncertainties.

3.

Unilateral efforts using traditional methods to deal with the problems have proved
insufficient and have typically produced less than satisfactory solutions.

4.

Several stakeholders have a vested interest in the problems, and they are interdependent of each other in needed resources and expertise for the solutions.

5.

These stakeholders are not organized in a structured way, and they often have a
disparity of power and/or resources for dealing with the problems at hand.

6.

The stakeholders have diverse interests, expertise, and access to information about
the problems; hence, they often perceive the problems differently.

7.

These differing perspectives often result in, at least initially, incompatible (or adversarial) opinions and positions among the stakeholders.

We observe that there are at least three challenges that prevent effective engineering
collaboration in industry. The first challenge is that a group of engineers tries to solve a
problem without ever clearly defining “what the problem is.” If the problems were better
defined and their definitions were fully shared, stakeholders might choose different options than those based on their original assumptions and initial intentions. The second
challenge is that when a group of engineers tries to address the “how” to achieve “what”
(a typical task-work) question, they may not have the same set of information [31]. As a
result, stakeholders argue with each other, based on different understandings. The collaboration would be a lot easier if they first collected the same set of information and developed a shared understanding. The third challenge with current industry practice is that
engineers do not understand, or agree with, the “rule” for decision-making [32]. When
only one of the stakeholders does not understand the “rule” that individual can create
havoc with group activities. When more do not understand, the situation is worse. Ultimately, when stakeholders do not correctly understand the rules, they will have a hard
time reaching a robust and sustainable agreement. The ECN-based collaborative engineering process (Section 5.2) is designed specifically to address some of these practical challenges.
2.4 Features of Successful Industry Practices
The first step in “Observation  Hypotheses  Theory” development pathway is to carefully observe and examine various successful collaborative practices of engineering teams
in production industries. Over the past few years, we have been actively working with
different collaborative engineering teams, both as participants and observers, addressing
a wide range of technical tasks with different stakeholders. We have observed some highly
effective collaborative engineering teams that can consistently deliver high-quality results
and enjoy collaboration experiences. We have noted that the members of these successful
teams and organizations share some common beliefs: (1) making joint decisions is both
desirable and possible; (2) the consequences (i.e., payoffs) of joint decisions are better than
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those of individual decisions; (3) it is possible to have full, open, and truthful exchanges
and communication; and (4) all participants can be creative in terms of both value creation
and value claiming when making joint decisions. These real-world observations provide
us with a deep understanding of, and help us to develop unique insights into, the best
collaborative engineering practices. The features of successful collaborative engineering
practices in industry are presented below to guide our research.
2.4.1 Socially mediated technical activity
The first feature is our recognition that collaborative engineering, because of its focus on
reaching agreement on technical issues, must be treated as a socially mediated technical activity. Social scientists have long understood that human behavior dynamics have an impact on technical decisions that cause societal changes, which, in turn, shape human and
social dynamics to influence future technical decisions. Such adaptive, cyclic, sociotechnical interactions are the true fabric of a modern technology-based society [143]. Traditional engineering approaches, which focus on individual decisions, are unable to consider
this important social dimension, and hence they can only approximate collaborative engineering as a pure technical activity. The inability to include social interactions as an integral
part of technical decisions is a significant roadblock to collaborative engineering studies
that must be removed.
2.4.2 Conscious and purposeful human activity
The second feature comes from our observation that when trying to reach agreement over
a common goal, engineering teams always engage in collaborative activities in a dynamic
socio-technical environment. Here, an “activity” is defined by CHAT as a conscious and
purposeful human endeavor driven by an individual’s perspectives (e.g., interest, motive) [145].
As explained in Section 4.1, this theory suggests that collective human activities are of three
kinds: coordination (e.g., planning each other’s activities for sequential dependency), cooperation (e.g., taking each other’s decisions into consideration for reciprocal reliance), and
collaboration (e.g., constructing a new understanding and solution, i.e., dependencies based
on shared knowledge). Based on our direct observations of many engineering tasks, the
most effective and valuable collaborative engineering teams are those that are able to address the “construction” kind of human collaboration (see the last distinctive feature in
Section 4.4.5).
2.4.3 Full participation via co-construction process
The third feature is that the above construction task requires direct contributions from all
stakeholders to fully participate in the group decision-making process. We have also noted
that these highly participative tasks are best carried out by a dynamic co-construction process
(Section 6.1), whereby everyone is simultaneously and reciprocally influencing (i.e., coconstructing) everyone else’s decision perspectives to reach an agreement [146]. This process has its intellectual roots in the social construction of reality concept proposed by sociologists to explain how humans come to an agreement on issues [159]. Sociologists
advocate that agreements, as social constructs, are always “observer-relative” and dependent on one’s perspective toward the particular situation at hand. They also suggest that

12

LU ET AL., ANNALS OF THE CIRP 56 (2007)

human perspectives are always adaptive and changeable due to dynamic social interactions with others—a concept that should be exploited by collaborative engineering research.
2.4.4 Dynamic nature of stakeholder perspectives
Next, we have observed that stakeholders’ dynamically evolving perspectives during the coconstruction process are the critical connection between social interactions and technical
decisions in an engineering team. During a collaborative engineering process, social interactions in teamwork alter stakeholders’ perspectives toward the tasks at hand, which, in
turn, influence their decision preferences in task-work. If properly managed, diverging
preferences can be reduced to enable rational joint decisions to support team agreements
[160]. The evolving decision perspectives occurring in these dynamic cycles lead to the
important “underdetermined” features of collaborative engineering outcomes. In fact, we
have noticed that an important challenge for an effective collaborative engineering team is
to ensure that these social interactions are strategically guided so that stakeholders’ dissimilar perspectives can evolve systemically toward a common understanding of the taskwork that results in a win-win outcome at the end.
2.4.5 Collective innovation by engineering teams
The last feature is that the most valuable result of a collaborative engineering exercise is
not just simple deal-making to reach an agreement; the outcome also should include the
possibility of collective innovation by stakeholders [23]. This is to say that the desirable results from a collaborative engineering team should go beyond task-work agreements that
meet stakeholders’ competing interests and requirements [161]. Whenever possible, the results
should comprise an expansive set of alternatives (or new option spaces) from which previously unknown solutions or new innovations, which are impossible to obtain individually, can be created collectively. This suggests that, in addition to conflict resolution to achieve
joint decisions, collaborative engineering research also should study the basic questions of
collectivity via mutual knowledge probing (e.g., jointly exploring understanding and application of knowledge) and shared value creation (e.g., developing a common problem
definition, value proposition, and solution formation) in teamwork. Such a construction
type of teaming activities calls for the Participative Joint Decision task, as explained next.
3 Review of Current Research Approaches
Collaboration is a pervasive activity in modern societies and, as such, the literature on this
subject can be found in a wide range of disciplines, including philosophy, psychology, sociology, economics, organization, decision, management, IT, and engineering. Since it is
impractical to have a comprehensive assessment of such a broad subject, we will limit our
literature review to representative studies that address the most important issues of collaborative engineering in industry. In this section, we evaluate some current approaches
according to their disciplinary and application foci. The technology-oriented approaches
(Section 3.1) focus on developing IT tools to support engineering collaboration of taskwork. The social science–oriented approaches (Section 3.2) aim at understanding the human aspects of collaboration and interactions in teamwork. The socio-technical-oriented
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approaches (Section 3.3) attempt to adapt social science understandings to enrich technological developments to support team collaboration. Because the collaborative engineering
research framework described in this paper is mainly based on the negotiation viewpoint,
we also include a brief review of this topic in Section 3.4. Section 3.5 presents CIRP’s efforts
that address the concerns of collaborative engineering. Section 3.6 summarizes the shortcomings of these present activities. We should point out that, intellectually speaking, the
basic knowledge that underlies many of these approaches may not be “scientifically” new.
Yet, their implications for production engineering have become increasingly important as
development cycles are tightened to the minimum and product complexities are pushed
to the maximum [33].
3.1 Technology-oriented Approaches
The technology-oriented approaches to collaborative engineering are mostly IT based [34].
In the IT research community, for example, database researchers study collaborative engineering as information management tasks, focusing on maintaining data integrity when
changes are made by multiple stakeholders [35]. Computer-supported collaborative work
(CSCW) scholars have developed some prescriptive guidelines and IT facilities for virtual
teams [36], and human-computer interaction (HCI) researchers have addressed the “social
blindness” problem when collective decisions are conducted in cyberspace [37]. Because
conflict resolutions are the centerpiece of collective decisions, scientists have developed
models and software tools that support the detection and resolution of conflicts in a variety
of knowledge domains [38]. An example is the argumentation-based model developed by
Toulmin [39], who promoted an informal but more robust approach in dealing with arguments than does traditional formal logic. Several argumentation-based conflict resolution
methods and systems have been developed from this model [40]. Adoption of the argumentation model to support sociotechnical negotiations of software design is introduced
in [41]. A review of an agent-based approach to collaborative design and manufacturing is
in [42]. A comprehensive review and discussion of agent-based system for manufacturing
is in [43]. An agent-based negotiation framework (ANF) for collaborative design is presented in [44]. Built on negotiation and multi-agent systems research, ANF comprises a
negotiation protocol, a set of negotiation strategies, and a network of intelligent agents that
help designers and computers to follow negotiation protocol, select negotiation strategies,
and make proposals. Many of these IT-based studies are technology-centric, eschewing a
deeper understanding of human behavior and social dynamics [45].
Many CAD/CAM tools have been developed to support the design process from the
conceptual stage to final production [46]. In the past, most CAD/CAM systems were designed as standalone applications in an isolated environment [47]. Due to the widespread
use of the Internet, some CAD/CAM tools have been extended to support distributed collaborative design over the Internet [48]. An example is the DOME system [49], which was
built by integrating existing single-user CAD systems using web-based software technologies. These distributed CAD/CAM tools enable designers to share product models and
other data from different sites [50]. However, because CAD systems use different native
file formats, when multiple design teams use different CAD tools, consistency problems
often arise [29]. This prevents design teams from sharing data outside the system [51]. Data
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communication is another problem that can occur when file transfers and data sharing go
beyond the company’s intranet. Security and authentication become major concerns when
transferring project-critical files over the Internet. Future collaborative CAD/CAM tools
need a common, secure communication infrastructure and protocol so that files can be
transferred safely and shared accurately [52]. A few CAD tools have recently added some
limited collaborative design capabilities for real-time communication, support for various
CAD formats, and tools for manipulating models outside the original CAD programs [53].
An engineering process representation and modeling tool was developed for describing
large-scale design processes involving tasks that are performed by automated computer
agents in collaborative engineering [54]. Regardless, integrated collaborative design capabilities still cannot be fully realized by these distributed CAD/CAM systems. Other difficulties that need to be overcome include version control, data translation and repair, design
process model, and many security and legitimacy issues [55].
A research system, STARS (Social-Technical Analysis Research System) [56], was developed to provide a Web-based environment that supports design process control, conflict
management, and knowledge integration within the design team. Its objective is not to
substitute the current CAD or MIS tools but rather to fill the gaps of collaboration supports.
Stakeholders’ perspectives are modeled in STARS, and their roles in task-work are depicted.
Communication tools with networking and server-client database accessing functions support the stakeholders in declaring, sharing, and modifying their design prospective. Girod
et al. [57] conducted an empirical study into how collaborative decision-making processes
in conceptual design phase take place. Wang et al. [53] presented a comprehensive literature review of existing research projects dealing with collaborative engineering at the concept
design stage. Both Web-based and agent-based collaborative conceptual design systems
were surveyed. They identified potential areas for further research and development in
this area, including system architecture for collaborative conceptual design, conceptual design modeling and data sharing, product-centric design method, concept selection,
knowledge management in collaborative environments, distributed design project management, and development of virtual design studios.
3.2 Social Science-oriented Approaches
Although motivated by different practical needs and intellectual goals, many existing social science studies are applicable to the subject of collaborative engineering. The social
science background knowledge that is most relevant to collaborative engineering research
will be summarized in Sections 4.1 and 4.2. Here we will review two categories of social
science research, communal communication and collective decisions, which are the hallmarks of collaborative engineering. Some social scientists have addressed group communication from the community point of view [58]. For example, social network researchers
have theorized about information exchange (i.e., communication) in groups [59] as a cognitive behavior and social organizational issue [60]. Some theories for studying the flow
and exchange of information in collaborative teamwork include transactive memory [61],
social exchange, and public goods [62]. In these social science theories, much attention has
been paid to people’s abilities to work in communities [63] and to the consequences of such
community-based actions. To identify the optimal mechanism for transferring information
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in collective actions, various configurations in teams’ communication networks from both
prescribed and emergent perspectives [64] have been studied. Other researchers have investigated the influence of knowledge network configurations on a team’s effectiveness [65].
Making collective decisions via communal interactions to attain an agreement is key to
collaborative engineering [66]. Various collective decision situations have been studied by
analytical and mathematical approaches [67]. Optimization researchers model collective
decisions as a multi-objective and multi-attribute optimization problem [22], wherein weighting factors are assigned, a priori, to rank stakeholder interests to compute a set of Pareto
optimal outcomes [68]. This approach, although mathematically rigorous, requires prior
knowledge about the problem and assumes that stakeholders’ perspectives remain static
during the collaboration process. It fails to deal with problems that are based on preferencedriven knowledge and require communal agreements. Some researchers have treated collective decisions as a multiplayer, interactive decision task and use game theory approaches
to determine various equilibrium conditions and strategies [69]. While game theory models have sound mathematical bases, they lack direct relevance to engineering practices due
to the strong requirement of prespecified payoff functions and the assumed static and rational nature of human perspectives.
Many empirical studies of collective decisions also can be found. For example, management researchers have studied collective decisions from a project management perspective, with practical guidelines and strategies to improve teaming effectiveness [70]. These
researchers have focused on three fundamental problems with group decision-making,
namely the impact of initial preference and time pressure, the impact of group dynamics
and politics, and the lack of an objective quantitative group preference. They concluded
that group decision-making is not effective unless there are objective criteria (e.g., money,
time) that allow members to explicitly evaluate their decision choices [71]. Short of these
objective criteria, group decision-making is recommended only for option generation (i.e.,
brainstorming) or other open-ended tasks of an exploratory nature. One study concerned
the influence of group cohesion and information sharing on the effectiveness of design
review [72] and found that the two factors that can negatively affect group collaborative
decisions are high levels of group cohesion and group politics. The combination of high
levels of group cohesion and considerable pressure to reach a decision is classified as
“groupthink” [73]. An example of the impact of groupthink is the 1986 space shuttle Challenger disaster due to failure of the O-rings [74]. Despite strong evidence that serious safety
concerns were present, NASA allowed a launch [75]. Overall, these approaches often treat
human collaboration and technical decision issues in isolation, and the methodology is
largely empirical, lacking a strong theoretical foundation.
3.3 Socio-technical-oriented Approaches
Because collaborative engineering entails both teamwork within a social system and taskwork within a technical system, socio-technical systems theory is a useful approach for
studying this subject. Some initial efforts in technology management studies already have
started to explore this direction [5]. Socio-technical research claims that considerations of
social and technical subsystems within an organization must be optimized jointly and simultaneously for the greatest performances [76]. For the social subsystem, team members,
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their interactions, communication, and relationships with one another and the broader organization all play important roles [77]. For the technical subsystem, the technologies, procedures, and methods used by an organization should all be considered [78]. Sociotechnical research proposes that the levels of technology and task complexity have a large
impact on group performance. Task characteristics, such as scope, structurability, and uncertainty, will affect the degree of complexity associated with any collaboration task [79].
The types of interactions utilized by teams, including criticisms, opinions, clarifications,
and summaries, are key to the effectiveness of collaboration. Changes in the normal social
subsystem, resulting in a narrower or less open exchange of ideas or information, will inhibit and hinder the success of design teams.
In the case of virtual teams, social subsystems already have enjoyed some improvement
through advances in the technical subsystem [80]. Additional advancements in technology,
such as those reviewed in Section 2.2, which support effective interactions between team
members, can serve to reduce the social complexity. Although these technologies can enable
more teams to simultaneously manipulate and discuss shared design representations,
technological systems alone cannot provide an answer to the complexity problem presented by virtual teams. A review by Carey and Kacmar [81] has found that the introduction of technical systems brings about operational and behavioral changes, but not the
desired increases in quality or productivity. Some current technologies appear to further
complicate the distributed environment in most applications. Carey and Kacmar stated that
using such technologies in an information-rich environment may be a poor choice. Their
findings suggested rethinking the design of current collaborative technologies to ensure
greater effectiveness. King and Majchrzak [82] analyzed the design of current tools and the
underlying human factor assumptions in regard to how virtual groups successfully perform their work.
3.4 Collaborative Negotiation Approaches
Negotiation is a vital activity in collaborative engineering to reach agreements during the
communal interaction and collective decision processes [83]. Many important tasks in production engineering involve negotiations [84]. For example, Quality Function Deployment
(QFD) is a well-known method in industry for translating customer needs (voices) into
design and production requirements during product development cycles. Traditionally,
this method asks individuals to express their preferences in a restricted scale without much
interaction with other stakeholders. Recent QFD exercises have placed more emphasis on
having stakeholders collaborate and negotiate their joint preferences during focused group
studies. Some recent research has extended the QFD method to account for stakeholders’
multiple preferences and fuse them into one uniform group decision by means of fuzzy set
theory [85]. Another example is [86], who observed that the key to developing complex
systems lies in negotiating different perspectives such that a highly integrated and comprehensive result is achieved. A methodology is proposed that explicitly incorporates the
multiplicity and diversity of perspectives encountered when designing these systems,
which consist of many interfacing parts and different requirements regarding such con-
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cerns as performance, manufacturability, and economics. Collaborative negotiation is often used to justify and manage arguments caused by stakeholders’ different preference,
knowledge imprecision, or problem uncertainty in these systems engineering activities [87].
Although negotiation is a common activity in engineering practice, the subject has not
been studied rigorously in the engineering research until recently [88],[89]. Adelson [90]
applied a theory-based framework of collaborative negotiation to those disputes that regularly arise during design. A collaborative negotiation tool, NegotiationLens, was developed
to resolve conflicts within and between engineering groups working on the Integrated
Work Set project. To date, the most comprehensive effort to study collaborative negotiation
in the engineering community is CIRP’s Engineering Collaboration via Negotiation (ECN)
initiative [16]. ECN studies “collaborative negotiation for engineering,” with the goal of
helping engineers to integrate their social and physical realities when making collective
decisions in a highly dynamic socio-technical environment [91]. The six characteristics that
delineate engineering negotiation problems are: (1) there are two or more parties involved;
(2) there is a conflict of interest or resources between two or more parties; (3) the parties
think that they can influence others to get more desirable outcomes; (4) the parties are
willing to “give and take”; (5) the parties prefer to search for agreements outside of the
“system” in order to avoid open fights; and (6) the parties are able to manage the “intangibles” to resolve the “tangibles” (i.e., “win-win” solutions are possible). Lu [92] developed
five premises (i.e., basic assumptions) to guide ECN research: (1) one should negotiate
when things are still “soft,” i.e., negotiation support is most effective at early stages of
engineering tasks [93]; (2) one should first seek to suffice before optimizing, i.e., a team
should negotiate acceptable solutions before selecting the best from among them; (3) one
should “interact” rather than “iterate,” i.e., bi-directional reasoning methods are needed
in negotiation; (4) one should always leave some rooms for others, i.e., interval/set representations are better than single point specifications; and (5) one should always prepare
for later “regrets,” i.e., keeping track of previous decision rationales for later use [94]. These
ECN principles have been applied to early stage parametric design of mechanical systems
[95]. More ECN research results are described in this paper.
3.5 Related CIRP Efforts and Initiatives
Before the ECN-WG started to focus on collaborative engineering research, the CIRP community already had a rich history of research in human-centered engineering subjects and
many of its past efforts and current initiatives share a common concern with collaborative
engineering. For example, many research efforts in CIRP’s Scientific and Technical Committees, describing negotiation, concurrency, adaptation, customization, constraint-directed
reasoning, complexity, optimization, and integration of production systems, are relevant
to the constructivist approaches needed by collaborative engineering research. These projects typically employ some negotiation and collaboration, although without explicitly naming them, resulting in information exchanges that enable decision makers to give and take
to arrive at positive outcomes for all parties. Due to the complexity of production systems,
these negotiation strategies do not dwell on codified relationships; instead, they often
work “outside the system” to reduce conflict and manage intangibles so that tangible solutions are achieved [96].
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Before describing related CIRP research efforts, it is instructive to review a few projects
that address similar problems without using negotiation or collaboration approaches. For
example, optimization and validation are often accomplished via simulation [97], without
negotiation. Similarly, adaptive control for many different manufacturing processes [98]
can be accomplished by addressing strictly tangible parameters. Enforcement of design
and geometry constraints can be accomplished with deterministic algorithms when the
parameter space is stable [99]. Even probabilistic analysis and synthesis [100] can be conducted efficiently without negotiation.
Going forward, there are many results from CIRP research that contribute to collaborative engineering research. From an historical standpoint, pioneering efforts in defining the
lifecycle concept by Alting and Jorgensen [101], engineering environments by Kimura et
al. [102], and information technology infrastructures for engineering by Krause and Kind
[103] all describe the requirement and motivation for collaborative engineering research.
Joint decisions and collective actions are enabled by approach and tool that allow engineers
to merge concepts. Shared dynamics entities, proposed by Noël and Tichkiewitch [104] for
design systems, allow design models to be created and adapted within a continuously negotiated context. Concurrent engineering representations by Lindberg and Sohlenius [105]
allow for a formal definition of information for quantitative measures of concurrency. Refinement methodologies, developed by Reddy and Lu [106], allow for the efficient refinement
and optimization of designs, while considering multiple perspectives. Further, integration
mechanisms addressing economic aspects [107], environmental effects [108], supply chain
adaptation [109], multiple views of the product life cycle [110], collaborative aids [111],
and process planning [112] are examples of CIRP research that address concept merging.
Moving between tangibles and intangibles in negotiation often requires redefinition of
either design requirements or manufacturing capabilities. Co-evolution of conceptual design based on multiple functional considerations was explored in [113]. Design tools that
balance assembly and disassembly requirements are described by Molloy et al. [114]. Multiple rule bases are used by Domazet et al. [115] to influence early stage design decisions
according to different manufacturing perspectives. Wilhelm and Lu [116] developed a design synthesis approach that allows design requirements and fabrication strategies to be
traded off via a parametric negotiation. Further efforts in distributed design [117], [118],
[119], process planning [120], and life cycle goals [121] all support negotiation of tangible
and intangible design requirements. Similar approaches also were developed for manufacturing planning and control. Elbestowi et al. [122] defined AI techniques to resolve and
redefine competing force, path, and quality objectives. Westkämper & Warnecke [123] developed knowledge-based learning systems to infer and redefine relationships between
defects and drivers in single-product and series production. Blumfield et al. [124] defined
adaptive CAM systems that reflect the manufacturing philosophy of individual users.
Customer-driven requirements and mass customization, described in a number of CIRP
studies, explicitly call for the co-construction process of collaborative engineering. Jiao and
Tseng [125] and Chen and Tseng [126] defined co-construction methods from customer
and manufacturer perspectives. Similar techniques have been developed for design systems [127] and information management [128]. Many engineering tasks are underspecified
and allow for multiple solutions that are useful as negotiating positions. Markus et al. [129]
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developed a constraint-based process planning system that yields a Pareto-optimal set of
solutions. Krause and Golm [130] devised a general approach for multi-criteria process
optimization that supports restructuring and investigation of multiple solutions. Dynamically evolving perspectives and collective innovation are requisites for the self-organizing
systems designed for manufacturing control. Ueda et al. proposed biological manufacturing systems that adapt to diverse production demands and malfunctions [131], as well as
autonomously generating facility layout plans [132]. The random manufacturing system
proposed by Iwata et al. [133] adaptively generates manufacturing schedules, while contending with dynamically changing orders. The autonomous building blocks, defined by
Sluga et al. [134], provide another approach for self-organized scheduling. Ueda et al. [135]
describe how emergent synthesis approaches also can be used to realize self-organization.
Joint decision tasks are studied using fuzzy computation. Eversheim and Hack [136]
addressed differing logistical goals, process flexibility, and schedule changes due to rush
orders or disturbances within a multiple product, variant environment. Nota la Diega [137]
accomplished similar results while coupling quantitative process performance with qualitative system goals. Liu et al. [138] described how distributed design efforts can be managed by balancing design metrics within a framework for uncertainty management. Coconstruction is the explicit mechanism used by Wilhelm et al. [139] for order and delivery
negotiation in an e-commerce supply chain. The initial goals for order delivery are negotiated and reformulated as required via a constraint-satisfaction process. Each negotiation
step is handled by means of the largest scope possible to avoid local sub-optimality. This
global approach is then balanced with time constraints that apply in e-commerce supply
chain execution. Kjellberg et al. [140] has developed different methods and computer tools
to facilitate a common, in-depth understanding of the design problem at hand, the possible
solutions, and their consequences. To support human-to-human communication and negotiation, they have developed a prototype of a 3D stereo interaction table that makes it
possible for a group to sit around and interact with the digital model on the table and with
each other. There is no need for special glasses, and everyone can see the same 3D model
directly and notice each other’s reactions with eye contacts.
Finally, system complexities have been studied using methods which are relevant to
collaborative engineering. Schuh and Eversheim [141] used a time-wise bounding of component changes to maintain market diversity while driving down system complexity.
ElMaraghy et al. [142] described a coding system that uses the probability of manufacturing system success to manage complexity of production requirements and configurations.
Kjellberg [96] considered the complexity of production engineering problems to be negotiated. In her study, negotiations dealt with the extent to which multidisciplinary aspects
should be treated, which is a negotiation in itself.
In addition to these individual research efforts by CIRP members, there are also broader
initiatives in the CIRP community that address production engineering issues that share
the goals of collaborative engineering. For example, the Human Factor and Education Working Group (HFE-WG) has discussed many human-centered approaches to engineering research and education, many of which are essential to the success of collaborative engineering.
The Lifecycle Engineering initiative has investigated various ways to integrate multiple
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competing lifecycle concerns of the product, for which collaborative engineering approaches can play an important role. More recently, the Virtual Research Laboratory initiative, which aims to develop networks of excellence among multiple organizations, has
presented opportunity to demonstrate and apply collaborative engineering approaches.
Finally, the Manufacturing Paradigm initiative, which assesses the future of production
industry, has outlined many technical and organizational challenges for which more advanced collaborative engineering capabilities are needed.
3.6 What Is Missing from the Current Approaches?
The technology-oriented approaches, although offering some functional tools, are often
not grounded in the theoretical bases that underlie our understanding of the nature of human behavior and social dynamics. Existing analytical-empirical approaches often are not
applicable to the practice of collaboration, while prescriptive IT tools seldom are formal
enough to guide the collaborative process. While social science research provides some
theoretical explanations of human and social dynamics, they often lack rigorously validated empirical studies of real-world tasks. As well, although this line of social science
research has proven fruitful in its own right, it has largely neglected the intricacies of the
technical decision-making tasks found in collaborative engineering.
In short, current approaches are, by and large, isolated from each other, narrowly focused in their own disciplinary scope, and insufficient for practical purposes. What is missing in current collaborative engineering research are theoretically guided studies that can
systematically bridge the gaps between these separate schools of research in various social
and natural sciences [143]. Broader interdisciplinary efforts are needed to advance this
human-centered engineering subject, so that it can turn into a scientifically understood and
effectively practiced discipline. The collaborative engineering foundation presented in this
paper offers such a possibility.
4 Background, Definitions, and Concepts of Collaborative Engineering Research
This section provides the necessary background, definition, and key concepts for readers
to begin to understand collaborative engineering studies. We should start with an examination of the characteristics of different collective human endeavors to delineate the correct
meaning of “collaboration” in the context of human activities [144].
4.1 Types of Collective Human Endeavors
Humans must engage in collective endeavors to survive and succeed. According to cultural and historical activity (CHAT) theory [145], a foundation of psychological research,
collective human endeavors occur at three related but distinctive levels: coordination, cooperation, and collaboration. Understanding these similarities and differences will enable us to
study human collaboration and collaborative engineering correctly [146].
4.1.1 Coordination
At the most basic level, coordination is the regulation of diverse elements or activities into
an integrated and harmonious operation. It links different parts to accomplish a collective
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set of tasks. Coordination occurs in many activities, such as biological systems (e.g., handeye coordination in sports), organizational affairs (e.g., project management in companies),
business operations (e.g., logistics supply chains), and systems engineering (e.g., integrating multiple sub-systems). A clear example of a coordination activity is driving on a busy
highway during rush hour—drivers in different cars, with different destinations and competing interests, must carefully “coordinate” with each other to avoid accidents that would
delay traffic and harm everyone’s interest. In many real-world situations, a predetermined
structure (e.g., a hierarchy) is used to facilitate “coordination” among multiple activities.
With a hierarchical structure, some scholars have defined “coordination” as the process of
managing “unidirectional” task dependencies between activities “across multiple levels.”
4.1.2 Cooperation
The next collective human endeavor is cooperation. It refers to the practice of people (or
greater entities) working in common with shared resources and methods, instead of working alone or competitively. Although cooperation is seen as the antithesis of competition,
the need to more effectively compete motivates individuals to organize into a group to
cooperate. This is because there is always a trade-off between the efficiency of obtaining a
desired resource and the amount of resources that one can actively obtain alone. Therefore,
it is often a good idea for individuals in a group to focus on producing a specific resource
and then to obtain other resources by trading. A “cooperation by trade” model with bidirectional dependencies is established. In the previous example of highway driving, a
driver may focus on the driving task, while a passenger helps with road navigation. Their
cooperation brings benefit to both parties, enabling them to safely arrive at a destination
on time. Repeated interactions and relationships, such as those seen in engineering teams,
are important in promoting cooperative behaviors in organizations. Further, when a hierarchical task structure is provided, “cooperation” can be defined as the process of managing the “bidirectional” task dependencies between activities “within the same level” of the
hierarchy.
4.1.3 Collaboration
The highest level of collective human behavior is collaboration. In the dictionary definition,
collaboration (co + labor + ation) refers abstractly to all processes wherein people work together. On the surface, this definition looks similar to that of coordination and cooperation
(hence the common misunderstandings). However, collaboration has more stringent requirements than does the other two. For example, while coordination avoids gaps or overlaps in individuals’ assigned tasks, and cooperation strives for mutual benefits by sharing
or partitioning tasks, collaboration aims at achieving a common goal and collective results
that individuals would be incapable of accomplishing alone. In other words, collaboration
requires a team of individuals to work on tasks that not only have shared resources (as in
coordination) and shared outcomes (as in cooperation), but, most importantly, a shared
common goal.
Due to the knowledge complexities and/or resource limitations, tasks that require collaboration are impossible for individuals to pursue separately. Because no one can succeed
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alone and all participants are important, individual latitude and commitment in collaboration are substantially higher than is seen in coordination or cooperation. At the same
time, the complexities, dependencies, and dynamic nature of collaboration tasks call for
the stakeholders to have a higher degree of autonomy and more direct participation to
benefit from the true synergy of teamwork. In fact, synergy among individuals is the biggest benefit of collaboration, which should not be bound by a given task hierarchy. Recall
that both coordination and cooperation deal with cases in which some task structures are
known and given. Collaboration, in contrast, must face the most difficult situation in which
these task dependencies and hierarchical levels are not fully defined a priori and, hence,
must be dynamically constructed by participating stakeholders during collaboration. In
fact, the ability to innovatively construct these “relationships” (or task hierarchies) is important for successful collaboration.
Having explained the characteristics of collective human endeavors in terms of the
stakeholders, resource, goals, and structure, we should point out that in many real-life situations, stakeholders must engage in all types of endeavors dynamically and amorphously.
This reflects human’s ability to cope with changing social or technical settings of collective
actions. For example, a team of stakeholders may start with a coordination task that calls
for cooperative efforts, which, in turn, leads to deeper collaboration, and vice versa. It is
therefore important to assess each collective human action carefully in terms of the characteristics of its stakeholders, resources, goals, and structure to understand the appropriate
endeavor. Table 2 summarizes these distinguishing characteristics to guide such assessments [147].
Table 2. Collective human endeavor characteristics
Stakeholder

Resource

Goal

Task Structure

Coordination

Large community

Limited and
exchanged

Multiple and
competing

Predefined, same
layer in hierarchy,
unidirection

Cooperation

Midsize group

Limited and shared

Multiple and private

Predefined, across
layers of hierarchy,
bidirection

Collaboration

Small team

Limited, shared,
complementary

Single and common

Undefined,
nonhierarchical,
multidirection

4.2 Constituting Disciplines of Human Collaboration
With the advent of the Internet, research into the properties, processes, and mechanisms
of collaborative human endeavors has intensified, and more light is being shed on this
ubiquitous and taken-for-granted human practice. The resulting new knowledge can help
scientists to predict the “hard bounds” of collaborative behaviors, provide “short proofs”
of collaborative results, and offer “simple models” of collaborative processes [148]. Additionally, this body of knowledge can serve as a rigorous scientific foundation to support
collaborative engineering research, making it much easier and more closely aligned with
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the path used to pursue traditional science-based engineering subjects. Unfortunately, despite intensive studies, we still do not have clearly defined and well-accepted “sciences of
collaboration” to directly launch collaborative engineering research. Nevertheless, scholars in this emerging scientific field have suggested that “future” collaboration sciences
could evolve from synthesizing the interdisciplinary research of a few relevant disciplines,
of which the most important ones are organizational science, social cognition, social choice,
and decision science. The knowledge and concepts learned from these fields can be synthesized and integrated to establish collaboration sciences and, in turn, to support collaborative engineering research in the future. Some background knowledge and basic
concepts of these contributing disciplines of human collaboration are presented below.
4.2.1 Organizational science research
Organizational science uses the combined knowledge of economics, sociology, political
science, anthropology, and psychology to investigate individual and group dynamics in
an organizational setting as well as the nature of organizations themselves [65]. When people interact in organizations, different factors than those found in open groups in society
come into play. Organizational studies attempt to understand and model these factors,
such as the concepts of “bounded rationality” and “sufficing” (in contrast to the concepts
of “absolute rationality” and “optimizing” from neoclassical economics) [149]. Indeed, the
need for an organizational theory resides in the fact that there are always practical limits
to human rationality and available resources, and that these limits are not static but rather
depend on the specific organizational environment in which the individual interacts. One
of the goals of organizational science is to enable individuals, when they engage in collaborative activities within organizations, to approach rationality as closely as possible in their
decisions and actions.
Organizational science holds that stakeholders always engage in collaborative endeavors as members of a purposeful “team.” Different from a group, a team consists of a distinguishable set of members who dynamically interact toward a set of common and valued
goals, who have each been assigned a specific role or function to perform, and who have a
limited life-space of team membership [62]. Organizational science suggests that, in collaborative teamwork, separate and selective incentives must be provided to stimulate rational
individuals to act collaboratively in a team-oriented manner. This provides an adequate
foundation to understand and manage the social interaction of engineering teams because
they always operate in corporate environments that have established incentives. Members
must be carefully selected so as to bring complementary expertise to the collaborative engineering team as well strategically assigned to different functions with clearly understood
responsibilities [150]. With such systematic organization, all team members will work collaboratively toward the team goal, rather than selfishly based on their separate interests.
Organizational science is becoming more important in the global economy, as people with
diverse backgrounds and cultural values must work together effectively, a goal shared
with collaborative engineering.
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4.2.2 Social cognition research
Social cognition is a part of psychological research that deals with “self-conceptions” and
what the individual perceives to be within his or her horizon of actions [151]. Specifically,
it investigates how individuals perceive, influence, and relate to others by studying the
relationship between minds and behaviors in groups. Based on the premise that “minds
can be shaped by others,” social cognition research has long proven that individuals’ perspectives change their preferences, which guide their decisions. In social cognition, a perspective is defined as a set of values (e.g., experiences, beliefs) that shape the way an individual
perceives reality and responds to it. These studies also confirm that individuals’ perspectives are not static but are always dynamically evolving when they interact with others in
social settings. In teamwork, specifically, research has revealed that individuals often participate in a mutual, reciprocal, and dynamical social construction process, whereby each
“constructs” others’ perspectives (e.g., understandings, interpretations). Unlike organizational science or sociology studies, which focuses on the structure and organization of
groups without focusing on individuals’ minds, social cognition looks at the “inside” to
understand how individual minds change in the context of social interactions.
First, social cognition research attempts to understand and explain how the thoughts,
feelings, decisions, and behaviors of individuals are influenced by the actual, imagined, or
implied presence of others. The relevant concepts include social perception, social interaction, and many kinds of social influences (e.g., trust, power, persuasion). Second, such research tries to understand the influence that individual perceptions and behaviors have on
the behavior of groups. This includes concerns such as group productivity in the workplace and collective decision-making. Finally, it tries to understand groups as behavioral
entities as well as the influence that one group has on another group’s preferences. That
group preferences should be expressed with respect to a common understanding, established via dynamic social interactions, is the centerpiece of our constructivist approach to
collaborative engineering research. We must understand the dynamics and processes of
change in stakeholder perspectives to enable more systematic social interactions in collaborative engineering practice. After all, if human minds remained unchanged regardless of
their social presence and interactions, collaboration science (and collaborative engineering)
would not have been an interesting and worthwhile field of study beyond the traditional
decision sciences.
4.2.3 Social choice research
Social choice is a branch of social science that studies how individual preferences can be
logically aggregated to form a consistent group preference for collective decision-making
[152]. This is an important requirement in many applications, including, for example, macroeconomics, democratic voting, and collaborative engineering. One of the most wellknown studies in social choice research is Arrow’s possibility theorem [153], which states
that “no social preference function can satisfy the four criteria (i.e., unrestricted domain,
Pareto Efficiency, independence from irrelevant alternatives, and non-dictatorship) of
democratic decision-making in groups simultaneously”. Because this theorem suggests
that there is no procedure for combining individual rankings that can lead to a consistent
group ranking, some have insisted on a rigid position that “group decision-making by all
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is not rational, never consistent, and inherently chaotic” [10] (hence, Arrow’s impossibility
theorem). If this theorem is true under all conditions, then group decision problems, which
depend on finding a good group preference, become theoretically impossible and all group
decision practices are then unavoidably ad hoc and eventually chaotic [6]. However, we
must understand that Arrow’s impossibility theorem is based on the discrete social-choice
model that ranks a set of discrete preferences, which is different from the spatial socialchoice model that is based on a rating of continuous sets of alternatives. Recent social choice
research has discovered that, instead of additive aggregations of individual preferences as
rankings of discrete alternatives, members can explicitly compare and negotiate their interpersonal preferences, using ratings of continuous alternatives, to construct a group preference rationally [154]. The same also has been proven by decision scientists analytically,
who have used preference ratings, not rankings, to derive a group preference that can satisfy
Arrow’s four criteria of democratic decision-making [155]. Nevertheless, social choice research to date has been largely based on the assumption that individuals’ preferences remain static, regardless of their social interactions (i.e., disregarding the research in social
cognition described in Section 4.2.2).
4.2.4 Decision science research
Decision science is an interdisciplinary field, incorporating knowledge from mathematics,
statistics, economics, philosophy, psychology, management, and engineering [156]. It studies how analytically-inclined individuals (should) make rational decisions and how “optimal” decisions can be reached. Most decision theory to date is either normative or
prescriptive and is mainly concerned with identifying the best decision, assuming an “ideal”
decision maker who is fully informed, given unlimited resources, and can reason with perfect accuracy and full rationality (i.e., contradicting the organizational science concepts,
Section 4.2.1). Because it is clear that people do not behave in such optimal ways, there are
also descriptive studies in decision science that attempt to understand what real people actually do in various decision-making situations. The practical application of decision science research is called decision analysis, which tries to find practical methodologies and
tools to help real people make better decisions. Most classical decision analysis has followed an “alternative-focused” approach, while some “modern” research has been based
on a new “value-focused” thinking [157]. The word “modern” is used here purposely to
differentiate it from the classical normative decision science, which is strictly based on the
expected utility theory. There also have been many studies on how multiple individuals
make decisions interactively, represented by game theory research [12] and negotiation
analysis [158], which provide fundamental knowledge for collaboration sciences and collaborative engineering. Game theory focuses on finding winning strategies for interacting
but separate decision-making, whereas negotiation is studied as means to resolve conflicts
or settle disputes among interacting parties. For example, negotiation analysis research has
combined analytical techniques from classical decision analysis, behavioral decision theory, and game theory to support groups of reasonably rational individuals in making single, joint, collaborative decisions. Both competitive (or win-loss) and cooperative (or winwin) negotiations have been studied extensively by decision scientists. However, when
applying this decision science research to practice, many of its assumptions, such as perfect
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information, unlimited resources, full rationality, and a static perspective must be relaxed
to account for the complex dynamics of group decisions under the influence of social interactions (i.e., including social cognition studies, see Section 4.2.3).
Each of the above disciplines addresses some limited aspects of group interactions and
decisions, but they all fall short of attending to the complete scope of human collective
actions in organizations [150]. For example, organizational science provides useful insights
into how stakeholders should be organized for productive social interactions, but it does
not deal with the evolving perspectives that result from these interactions. Social cognition
focuses on changing minds and perspectives but does not specifically concern itself with
how these changes could affect individuals’ decisions. Social choice research investigates
how multiple preferences should be aggregated, with the assumption that stakeholder
preferences are static (i.e., ignore social interactions). Decision science has studied different
decision-making scenarios in which stakeholders have competing preferences, despite the
fact that their preferences can be altered during social interactions. Nevertheless, if we put
these separate disciplines together under a logical framework, they can collectively constitute a body of transdisciplinary knowledge that can explain how humans interact and collaborate with each other in organizations. This body of knowledge also can provide a
useful theoretical basis for collaboration sciences, upon which a scientific foundation of
collaborative engineering can be established.
4.3 A Formal Definition of Collaborative Engineering
In practice, collaborative engineering occurs whenever a team of stakeholders engages in
collaborative endeavor (Section 4.1) to attain a consensual agreement for complex tasks in
organization. Unfortunately, as an emerging practice, collaborative engineering has come
to mean “many things to many people.” To some, it conjures up sophisticated technologybased communication with remote colleagues, while to others, it means agreeing to work
together on some common engineering efforts. A practical definition of collaborative engineering was given in [18], which breaks it into two components: collaboration and engineering. “Collaboration” means any effort to collaborate to exchange information, ideas,
or useful resources necessary to create a shared understanding for a common and creative
purpose. “Engineering” refers to projects that primarily involve some technology-intensive efforts, such as new product development activities that require a host of engineering
disciplines. Combining the two, collaborative engineering becomes the collaborative exchange of resources among a team of stakeholders focused on a technology-intensive project with some overall common and creative purposes. This definition has its merits, but is
somewhat vague and hence insufficient to support rigorous scientific studies of the subject.
In our research, we have adapted a more formal definition of collaborative engineering as
a new sociotechnical engineering discipline, which:
facilitates the communal establishment of technical agreements among a team of interdisciplinary stakeholders, who work jointly toward a common goal with limited resources
or conflicting interests

27

LU ET AL., ANNALS OF THE CIRP 56 (2007)

According to this definition, collaborative engineering is a human-centered socio-technical activity, consisting of a dynamic co-construction process to maximize the synergy
between the technical task-work by individuals and the social teamwork by groups [44]. Unlike traditional science-based engineering studies that are mostly concerned with individual decisions based on “brute reality” (i.e., observer-independent phenomena according to
the science of the natural), collaborative engineering also must deal with team agreements
based on “social reality” (i.e., observer-dependent opinions according to the science of the
artificial) [159]. While we can study traditional engineering as a technical decision process
(i.e., “task-work”) by individuals, collaborative engineering must additionally be considered a social endeavor of “teamwork” to reach consensual agreements among multiple
stakeholders [56]. To collaborate effectively, stakeholders must work as “teams” in organizations, rather than acting as “work groups” in open communities. As stated in Section
4.1, the main difference is that a team must share resources and outcomes to achieve a
common goal via collaboration, whereas a group may share resources for individual gain
through coordination or cooperation. From a scientific viewpoint, one should also note
that simultaneous engineering and collaborative engineering address practically related
but intellectually different problems in production engineering [3]. The former is concerned with the scheduling of multiple task-works to minimize the lead-time (i.e., coordination or cooperation within groups), whereas the latter focuses on the synergy between
task-work by individuals and teamwork by groups (i.e., collaboration in teams).
A complete collaborative engineering study should include both joint decisions and collective actions by engineering teams. Because we can assume that teams will always take
collective action based on their joint decisions (and, according to the cooperative game
definition, a collaborative engineering team should have the ability and authority to enforce its joint decisions), our research has been mainly focused on the joint decision aspect
of collaborative engineering. Because joint decisions entail multiple stakeholders working
collaboratively in a sociotechnical setting to reach agreements, its underlying mechanism
is different from that when separate decisions are made by individuals. For example, when
deciding on a technical issue in solo work, a stakeholder can theoretically choose from all
available options based on his or her own preference to rationally maximize utilities and
minimize risks. His or her decision “preference” is a personal concern and is assumed to
be known, a priori. This situation fits well with the scope of a classic rational decision scenario, which presumes that individuals are always self-interested, with full rationality and
unlimited resources. The traditional approach supposes that a stakeholder’s decision “perspective” (i.e., how one views the world and the problem at hand, which is the root of one’s
decision preference) always remains static and is unaffected by social interactions that take
place when working with others in a community. That is, it neglects the fact that social
interactions during teamwork can dynamically influence individuals’ perspectives, which,
in turn, alter their preferences in making joint decisions. In short, the traditional approach
misses the great opportunity of “changing minds” in social settings and the benefit of “two
heads are better than one,” which is the rationale underlying collaborative engineering [162].
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4.4 The Participative Joint Decision (PJD) Task
While traditional engineering studies “decision making by individuals,” collaborative engineering must focus on “agreements by teams” via joint decisions. In practice, stakeholders can engage in group decision-making in different ways, ranging from one extreme of a
strong supra-leader in a dictatorship team to the other extreme of a leaderless setting in a
democratic team. For the former, traditional decision analyses provide simplified solutions, whereas for the latter, an open brainstorming approach offers some limited guidance. However, we have observed in engineering practice that both of these extreme styles
are ineffective in terms of their productivity and innovation. Most importantly, they fail to
realize the full potential of collaborative engineering.
Additionally, we believe that the biggest challenge that a collaborative engineering team
faces is when task-work, due to its complexity and diversity, requires participation by, and
active contributions from, all stakeholders. In this case, especially when task structures are
unknown or not predefined, nothing short of truly joint decisions, which are agreed upon
and committed to by all, will suffice in reaching a team agreement. Another challenge is
when the collaborative engineering team is assigned to open-ended task-work that calls
for creative thinking and innovative input from everyone to produce and explore new options that are beyond the past experience and knowledge of any one member. Contributions from all are important to this construction type of collaboration task (Section 4.4.5).
Based on our observations, we conclude that when faced with these challenges, a collaborative engineering team cannot function effectively with either the dictator or leaderless
style. Instead, the team must adapt a “guided-democratic” style, allowing each member to
play a more proactive and fully participative role in making joint decisions so that everyone will have a say and an ultimate stake in the final team agreement.
We refer to this “guided-democratic” decision task in teamwork as a “Participative Joint
Decision” (PJD), which is essential for reaching team agreements [163]. PJD is a systematically steered and managed group decision style, in which all stakeholders jointly participate in and fully collaborate on making joint decisions to agree on task-work. To achieve
PJD, a team must establish a consistent group preference “by all” and “for all” stakeholders
during the social interaction process. We believe that PJD is the most challenging aspect of
teamwork and the biggest benefit of collaborative engineering. Hence our research has
mainly focused on PJD as an important approach to attain team agreement in collaborative
engineering. Section 5 will explain how we delineate PJD scientifically.
5 The ECN Research Hypothesis
A research hypothesis is a contention that has yet been neither proven nor ruled out. According to the “Observation  Hypotheses  Theory” development pathway of our scientific foundation, we need to put forth a research hypothesis suitable for the developments
of a collaborative engineering theory. This hypothesis must be based on human collaboration knowledge and well informed by the observations of successful collaborative engineering practices. The Engineering Collaboration via Negotiation (ECN) concept is the
research hypothesis developed by the CIRP/ECN-WG. ECN hypothesizes how engineers
in a collaborative engineering team can (and should) best accomplish a PJD task with other
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interested stakeholders in order to reach consensual agreements on technical assignments.
The ECN research hypothesis is formally stated as follows:
Engineering Collaboration via Negotiation (ECN) is a guided teamwork process which a
collaborative engineering team can employ to achieve a task-work agreement. The ECN
teamwork process uses an “Interaction  Perspective  Preference  Agreement”
mechanism to attain Participative Joint Decisions that underline the task-work assignments.
The ECN hypothesis advocates that stakeholders in a collaborative engineering team
should employ a dynamic, socio-technical co-construction process, to collaborate with
each other reciprocally to reach PJDs on task-work matters, including, for example, resolving disagreements or conflicts, bargaining for individual or collective advantages, agreeing
on courses of action, or crafting joint decisions that serve their mutual interests. It offers an
appropriate viewpoint toward the nature of engineering tasks when they are performed
by multiple stakeholders in a team setting. Table 3 compares the different views between
the traditional engineering and ECN.
Table 3. Compare traditional engineering and ECN views
Traditional Engineering Viewpoints

New ECN Viewpoints

Based on Sciences of the Nature

Based on Sciences of the Nature and Artificial

Purely technical considerations

Socio-technical considerations

Seek correct and optimal answers

Obtain satisfying and rational consensuses

Focus on consistent maintenances

Focus on conflict resolutions

Application of deterministic knowledge

Co-construction of collective agreements

5.1 The Basic Mechanism of the ECN Hypothesis
The means for making a PJD that is asserted in the ECN hypothesis is “Interaction  Perspective  Understanding  Preference  Agreement.” This basic mechanism is derived
from the studies of human collaboration knowledge and observations of high-performance
engineering teams. It outlines how a PJD task can be systematically carried out by participating stakeholders to achieve agreements in collaborative engineering team [163].
1.

Social interactions in teams can dynamically change participating stakeholders’
perspectives toward a collaborative engineering endeavor and task-work.

2.

Stakeholders’ changing perspectives, when properly managed and guided, can
lead to a common understanding of the task-work at hand by the team.

3.

Such a common understanding serves as an anchor for stakeholders to discourse
and compare their individual preferences to obtain a group preference.

4.

The consistent group preference derived from a common understanding by the
team can drive stakeholders’ joint decisions to reach an agreement.

5.

This task-work agreement influences future social interactions of stakeholders,
leading to the dynamic socio-technical cycles of collaborative engineering.
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The constituting disciplines of human collaboration (see Section 4.2) provide some theoretical bases to support the above ECN basic mechanism. We should note that the word
“social’” which has many meanings, refers specifically to the collaborative behaviors that
take the interests of others into account in the ECN hypothesis. “Social” also captures those
stakeholders’ collaborative characteristics that influence team dynamics during social interactions, including the nontechnical aspects of stakeholders, such as their background,
objectives, interests, and criteria. Initially, they are brought into the collaborative teamwork by participating stakeholders and then are dynamically coconstructed and continuously evolve throughout the social interaction process (see Section 5.3). Therefore, the term
“socio-technical” in ECN signifies the mutual consideration of, and the true integration
and synergy between, the social (teamwork) and technical (task-work) aspects of collaborative engineering. The ECN mechanism explicitly treats the PJD task as a dynamic interface between group interactions and individual decisions as well as an assimilation of
social and technical activities operating in parallel over different time, space, and discipline
boundaries in an engineering team. This ECN hypothesis serves as a “point of departure”
for our collaborative engineering research described in this paper.
5.2 A ECN-based Collaborative Engineering Process
The basic mechanism asserted in the ECN hypothesis leads to a new collaborative engineering process for PJD to address the challenges of collaborative engineering practice
(Section 2.3). This new process (Figure 4) hinges on a basic ECN assertion that, “social interaction alters stakeholder perspectives that lead to a common understanding, which defines
individual preferences that underlie team agreement.”

Figure 4. ECN-based collaborative engineering process

5.2.1 Manage social interaction
This initial stage is based on the ECN mechanism that “social interactions can dynamically
change stakeholders’ perspectives of a collaborative engineering endeavor.” The collaborative behaviors of the engineering team are the core issue that must be carefully managed
to assemble the team and guide its social interactions. At this preparatory stage, we select
team members with complementary expertise (i.e., define the stakeholders), establish clear
team goals and outcome expectations, clarify resources and constraints, and declare a baseline procedure (i.e., standard workflows) for team control so that all stakeholders are ready
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to engage in social interactions at the next stage. The understanding and management of
stakeholders’ collaborative behaviors is best achieved through organizational behavior theory
(Sections 4.2.1 and 6.2.1).
5.2.2 Construct common understanding
The second stage is derived from the ECN mechanism that “stakeholders’ changing perspectives, when properly managed and strategically guided, lead to a common understanding of the task-work at hand.” The focus here is on guiding stakeholders to collaboratively
co-construct each other’s “perspectives” to obtain a common understanding of the task at
hand (e.g., the real problem to be addressed). This dynamic co-construction process should
be strategically guided, so that initial differences among stakeholders’ diverse understandings of (and their competing preferences for) the task-work, reflected by dissimilar perspectives, can be calibrated, eliminated, or minimized as much as possible [164]. This can
avoid unproductive interactions at later stages whereby stakeholders waste much effort in
insisting on conflicting preferences caused by different expectations or misunderstandings
of the task-work. To guide this coconstruction process, we must model and track stakeholders’ evolving perspectives (e.g., changing interpretations of task-work) during social
interactions to account for flexible interpretations when establishing a common understanding. Social cognition knowledge (Section 4.2.2) and social construction theory (Section 6.5.2) provide some useful models for this stage.
5.2.3 Discourse group preference
In the next stage, according to the ECN mechanism, “the common understanding obtained
above serves as an anchor for stakeholders to discourse and compare their individual preferences fairly to obtain a group preference.” Here, after the co-construction of a common
understanding, stakeholders discourse their “remaining” dissimilar preferences to collaboratively establish a group preference for joint decisions. The common understanding of
the task-work is used as a reference point for all stakeholders to consistently and fairly
express their dissimilar preferences toward the issue at hand. Appropriate numerical simulation models, based on the domain knowledge of the task-work, can be used to generate
a continuous set of alternatives and rate (not rank) stakeholders’ preferences for different
alternatives. These spatial social-choice models (Section 4.2.3 and 6.2.3) capture the “relative strengths” of individual stakeholders’ preferences expressed against the socially constructed common task-work understanding at Stage 2. Then, interpersonal comparisons of
preference strengths can be carried out via negotiations in the next stage.
5.2.4 Attain team agreement
The last stage, based on the ECN mechanism, is that “a consistent group preference derived from a common understanding of the task-work can be used to drive stakeholders’
joint decisions in reaching a team agreement collaboratively.” Given a consolidated group
preference established by the team in the above stages, stakeholders can now directly participate in collaborative negotiations to compare their preferences and make joint decisions
that lead to a robust team agreement for the task-work at hand. Due to the carefully orga-
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nized team membership and well managed social interactions in Stage 1, the socially coconstructed common task-work understanding in Stage 2, and the consistently established
group preference in Stage 3, the collaborative negotiation activities at this stage can be systematically supported and guided by negotiation analysis techniques from the decision
sciences (Sections 4.2.4 and 6.5.4). This completes the ECN-based collaborative engineering
process, resulting in a PJD and agreement for all, and by all, stakeholders in a collaborative
engineering team.
5.3 Achieving Rationality during an ECN Process
According to classical decision theory (Section 4.2.4), a rational decision can be made only
when a clear goal and an unambiguous preference system are available. This requirement
should hold true for both individual and collective decisions [165]. Given the fact that social interactions can change stakeholders’ perspectives and preferences dynamically, how
can this requirement be met so that the outcome (i.e., agreement) from an ECN-based collaborative engineering process can be as “rational” as possible? This question is the most
important criterion for evaluating any collaborative engineering processes.
Before answering this question, we must clarify a common misunderstanding between
the concepts of rationality and optimality, which are familiar terms to engineers. According to the classical rational choice theory, a rational decision body should always choose
what they “believe” to be the “best” (or the most optimal) option to achieve the given objective. The notions of “believe” and “best” in this theory lead to the common confusion
between optimality and rationality. First, we must understand that a belief is a human
cognitive state in social reality (Section 4.3) which is observer-dependent; a belief may or
may not be logically true in the context of brute reality which is observer-independent.
One can only rationalize but not optimize a human belief in decision making. Second, the
so-called “best” option can be determined only in the context of rational human belief in
real-world decisions. Under bounded rationality (Section 4.2.1), an “absolute best” (or a
strict optimality), even it can be theoretically obtained via optimization under the pure
brute reality assumption, is often unknown or unachievable. Therefore, in real-world decision making, optimality is not the same as rationality, and vice versus. Only in highly
idealized cases, which never occur in collaborative engineering practice, can these two concepts become isomorphic.
In Section 4.3, we define collaborative engineering as the synergy between teamwork
and task-work. Teamwork guides stakeholders to attain collective rationality, based on
which global optimality of task-work can be attempted. Again, collective rationality in
teamwork should not be confused with global optimality in task-work. The latter should
be grounded in the former, but the reverse is not true. To explain how our ECN-based
process can guide stakeholders to attain collective rationality, Figure 5 graphically illustrates the concepts of decision goal, objectives, and preferences under the dynamic influences of social interactions and evolving perspectives.
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Figure 5. Social interactions in collaborative engineering

We follow the “value-focused thinking” approach that uses shared “values” to “frame”
a specific problem context for the given assignment [159]. We assume that collaborative
engineering teams perform their assignments within an organizational setting such that
their social interactions can be properly directed based on corporate incentives. This gives
the “strategic context” for the teamwork and is conceptually illustrated by the light blue
plane of Figure 5(c). We also assume that members of the collaborative engineering team
have already agreed on a common goal and shared a set of values, based on which the
team determines a specific problem context for the assignment within the above “strategic
context.” Together with the common goal and the teamwork strategic context, these shared
values result in a constrained volume shown as the blue-lined pyramid in Figure 5(a). This
closed space defines the “boundaries” (i.e., the problem frame) within which stakeholders
engage in social interactions as they collaborate on the assignment (Stage 1 in Section 5.2.1).
With a common goal and shared values, each member brings a different “perspective,”
based on his or her expertise, background, interests, and objectives into this problem
frame. As defined in Section 4.1, a perspective captures the particular way (or viewpoint)
from which a shareholder perceives the problem at hand. Operationally speaking, a stakeholder’s perspective can be conceptually represented as his/her unique “projection” of the
common goal onto the specific problem context for the assignment within the problem
frame (i.e., the blue-lined pyramid), established above. This is graphically illustrated by
smaller pyramids in Figure 5(b), which show two different shareholders’ perspectives (i.e.,
red- and green-colored projections). Metaphorically speaking, this is like “shining a spotlight onto a dark stage,” and the locations of the projections of the spotlights can be
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changed by the stage manager’s perspective. Figure 5(c) shows how the two stakeholders
can bring their perspectives (i.e., different spotlights) to the problem context of the assignment (i.e., the blue-lined pyramid, or the dark stage). Figure 5(c) also indicates that although
stakeholders must commit to a common goal and share a set of values, they can initially
have different objectives and alternatives (based on their unique knowledge about the consequences of alternatives and their preferences derived from previous experiences) resulting from their different perspectives.
Stage 2 (Section 5.2.2) then prescribes a process for the two stakeholders to dynamically
co-construct each other’s different perspectives, via guided social interactions (within the
blue pyramid), to achieve a common understanding of the assignment. Conceptually, this
common understanding represents the collective rationality among stakeholders toward
the assignment. Graphically, this is analogous to moving the initial projection locations of
the two spotlights on the dark stage so that the overlapping area becomes as large as possible. In our ECN-based process, the evolving stakeholder perspectives due to social interactions are equivalent to a continuous shifting of spotlight projection locations. During this
dynamic process, stakeholders’ perspectives are continuously changed, which, in turn, alters their decision preferences and alternatives. Because alternatives that lie within the
overlapping area of the spotlights are based on a common understanding (i.e., overlapping
perspectives with collective rationality) of the assignment, they are the best candidates for
stakeholders to attain PJDs and negotiate a team agreement.
Moving to Stage 3 (Section 5.2.3), stakeholders can now discourse their individual preferences against these alternatives, based on their common understanding and collective
rationality (e.g., the three star shapes in Figure 5(c)). Because individual preferences are
now “grounded” in a socially constructed common understanding (or collective rationality) of the assignment, aggregation of multiple preferences to establish a group preference
for a collective decision become possible and more rational. Based on this consistent group
preference, stakeholders can collaboratively negotiate joint decisions to arrive at a sound
agreement that approaches global optimality, as indicated by Stage 4 (Section 5.2.4). This
completes the ECN-based collaborative engineering process that meets the criteria of having clear goal and consistent preference of rational decision making.
6 A Socio-Technical Framework (STF) for Collaborative Engineering
The last step in our “Observation  Hypothesis  Theory” development pathway is to
put forward some preliminary theories for collaborative engineering based on the ECN
hypothesis (Section 5.1) as a means to embrace the ECN process (Section 5.2). The theory
layer of our scientific foundation begins with a “conceptual framework” derived from our
theoretical knowledge and practice observations. In research, a framework refers to “an
abstract model” of the domain under investigation. A framework is proposed, with an underlying hypothesis by researchers, based on their current best understanding of and insights into an emerging subject, to serve as a beginning step in developing a domain
theory. Typically, a framework for an emerging discipline should include a defined theoretical architecture with some prescribed means by which implementation can be organized and applications can be executed. After continuous validation and refinements, a
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framework can gradually evolve to become an initial theory that, with further developments, can steadily advance to a more formal theory. Building upon the ECN hypothesis
and process, we have developed a Socio-Technical Framework (STF) for collaborative engineering. The followings are important insights that underlie this STF theoretical framework:
•

Constructivist is a more appropriate approach (than is deterministic philosophy) to
study the dynamic, socio-technical, and underdetermined nature, and to support
the task-work and teamwork integration.

•

Social interaction must be managed systematically so that a common understanding of the task-work can be first established by the team collaboratively for members to express their individual preferences.

•

Co-construction operation during social interactions should be strategically guided
so that the initial disparities between stakeholders’ perspectives can be calibrated
and abridged as much as possible.

•

Team preference can be consistently established if expressed against a common understanding and compared by ratings of continuous alternatives using spatial socialchoice models.

•

Joint decision can be rationally attained to reach a team agreement if stakeholders
are systematically guided through the collaborative negotiation process based on
the above consistent group preference.

6.1 Architecture of the Socio-Technical Framework
Based on the ECN hypothesis, STF explicitly addresses the social interaction of engineering
teams and models the dynamic nature of the PJD task. Traditionally, an engineering task
is treated as a technical process, consisting of a series of iterative decision-making (or mapping) operations between the “WHAT” (i.e., what do you wish to achieve?) and the
“HOW” (i.e., how do you propose to achieve it?). Other questions, such as “WHO” (e.g.,
who are the stakeholders of this decision?) and “WHY” (e.g., what are the stakeholder
rationales?) that are essential for collaborative engineering are left out as separate management functions. Integration of technical decisions and social interactions in teamwork is
the chief challenge that our STF is designed to address. Figure 6 conceptually shows the
two-dimensional architecture of the proposed STF, in which technical decisions (i.e., individual task-work) are represented as the “WHAT  HOW” mapping along the X-axis, and
social interactions of engineering teams (i.e., group teamwork) are shown as the “WHO 
WHY” mapping along the Y-axis.
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Figure 6. Architecture of the socio-technical framework

Rather than treating teamwork and task-work separately and sequentially, the STF synergizes social interactions and technical decisions to form an integrated cycle, reflecting
the four stages of the ECN-based collaborative engineering process (Section 5.2), that guides
a collaborative engineering campaign for stakeholders to reach team agreements [166]. As
shown in Figure 9, a typical collaborative engineering campaign is initiated by organizing
a team of participating stakeholders (i.e., WHO). The actual endeavor starts from the topleft quadrant, with the “WHO  WHAT” mapping that represents the social interaction
(Stage 1 of the ECN process) among participating stakeholders, whose decision perspectives on the said technical issue will continuously evolve. Next, the collaborative engineering team proceeds to the bottom-left quadrant (i.e., the “WHAT  WHY” mapping) to socially
construct a common understanding (Stage 2 of the ECN process) of the said technical issue.
Anchored in this is shared understanding of the task-work, the “WHY  HOW” mapping
(i.e., the bottom-right quadrant), which then establishes a consistent group preference or a
team inclination (Stage 3 of the ECN process) for all participating stakeholders to make
joint decisions. Finally, the collaborative engineering campaign arrives at the bottom-right
quadrant, where joint decisions, supporting a team agreement (Stage 4 of the ECN process),
are systematically negotiated according to the above agreed-upon group preference. This
team agreement will, in turn, affect the future social interactions of participating stakeholders on the next or other team projects, leading to the dynamic socio-technical cycles
that continuously establish and refine the “team norms” and “corporate culture” in engineering organizations [167].
Due to the dynamic social interactions that take place at the upswing of this STF cycle,
the final outcome of a collaborative engineering campaign is intrinsically different from
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that of traditional approaches. Contrary to the usual deterministic philosophy, the collaborative engineering results, according to the constructivist thinking of the STF, are sufficiently “underdetermined” to account for the possibility of multiple interpretations by
stakeholders and engineering teams (Section 6.5.2). In other words, whatever joint decisions were finally agreed upon by a particular collaborative engineering team could have
been different with a different team with different stakeholders at a different time under a
different social context. It is important to note that an “underdetermined” system is not
necessarily a chaotic one that is unmanageable. To administer this “under-determinism,”
one must take a constructivist, rather than a determinist, approach in order to focus on the
“systematic process” rather than the “specific result” of the system. We believe that this
“underdeterminism” feature, resulting from evolving stakeholder perspectives during social interactions, is a fruitful opportunity, rather than a hindrance, in collaborative engineering. It should be explored to promote collective innovation and creativity (Section
4.4.5) by engineering teams to realize the true benefits of collaborative engineering practice. This is the reason that we have chosen to investigate the proper procedure, not the
exact predictability, in our collaborative engineering research.
6.2 Models and Techniques to Instantiate the STF
There are three capabilities (Figure 7) that are required to instantiate the above STF so that
we can validate the ECN hypothesis. To provide for these required capabilities, each of the
four stages of the ECN collaborative engineering process (Section 5.2) must be attended to
by some appropriate theoretical models and practical techniques derived from the relevant
knowledge of the constituting disciplines of collaboration sciences (Section 4.2). Some suggestions for research to develop these needed models and techniques to support PJD are
presented below.
6.2.1 Understand collaborative behaviors to manage social interaction
We suggest using organizational behavior theory from organizational science to model
stakeholders’ social interactions and collaborative behaviors as an “organizational man”
working in a “small and induced” team, rather than treating them as an economic man
operating in a large open group [62]. This theory states that there are always practical limits
to stakeholders’ rationality (hence the bounded rationality concept) in teams and that these
limits are not static, but rather they depend on the dynamic social and organizational environments within which stakeholders’ decisions take place (Section 4.2.1). Whereas a classic economic man on the open market tries to optimize (i.e., selects the best alternative from
among all), an organizational man in a team seeks to satisfy (i.e., looks for agreements that
are satisfactory or “good enough” for all) [168]. The difference between an optimal decision
and a satisfying agreement is fundamental to collaborative engineering research. A decision is optimal if there is a set of criteria that permits “all” alternatives to be compared and
the alternative in question is preferred by these criteria to “all” other alternatives. In comparison, an agreement is satisfactory if there is a set of criteria that describes minimally
satisfactory alternatives and the alternative in question “meets or exceeds” all these criteria. These “satisfying” and “bounded rationality” concepts from organizational behavior
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theory underlie our approach to managing stakeholders’ collaborative behaviors in engineering teams, in that a joint decision in teamwork is always exercised with respect to limited resources and represents an approximate model of the actual situation. In such a case,
these elements are not given or static but are the outcome of dynamic sociological processes, including the stakeholders’ own and others’ decisions in a collaborative engineering team.
6.2.2 Employ social constructions to create common understanding
It is important to elucidate the mechanism by which a common understanding of the taskwork at hand can be systematically established by all stakeholders via social interactions.
Without such a process to iron out the diverse interpretations first, individual stakeholders
could end up insisting on their conflicting preferences, caused by incompatible interpretation or different understanding of the same task, hindering the establishment of a team
inclination for joint decisions at the next stage. Based on social cognition knowledge (Section
4.2.2), we propose to use social construction theory to understand how social interactions
in teams can be systematically guided to lead to a common understanding in teamwork.
In social science, social constructions, or social constructs, are the result of human choices
(i.e., social realities, as opposed to brute realities based on the laws of nature). In recent
studies, this concept has been expanded to refer to “the process of socially shaping an
agreement or artifact by interested stakeholders,” which makes it applicable to modeling
the collaborative teamwork activities in collaborative engineering. A social construction
process has four key features [169], which are all important to collaborative engineering:
Interpretive flexibility. This relativistic idea suggests that making a collaborative decision
with social interactions is actually an open process, which can produce different outcomes
depending on the particular set of stakeholders and social circumstances of its development. For example, researchers have applied this interpretive flexibility concept to explain
how new technological artifacts are the result of human negotiations and agreements
based on different and changing perspectives. Since collaborative engineering involves social interactions, its outcomes are “social constructs” that are always “underdetermined”
to reflect flexible and multiple interpretations by members of different teams under different social circumstances. Such under-determined processes, although hard to manage, can
be properly guided via social constructions, so that they will not result in chaos in the real
world.
Relevant social group (RSG). Members of an RSG share interpretations (i.e., same perspectives) of task-work. Social interaction in collaborative engineering becomes an iterative process in which all RSGs, each embodying a specific perspective of a said technical
issue, engage in discourse of its different interpretations, with other RSGs constructing
different opinions based on their perspectives. This dynamic co-construction process continues until the discourse brings all stakeholders to a consensus that their resulting common
interpretations work satisfactorily for all. That is, social constructions in a collaborative
engineering process ceases not because the team interpretation works in some objective
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and absolutely optimal sense according to laws of the nature but because all involved
stakeholders agree and accept that it works for them at that particular time.
Closure and stabilization. The above discourse process often results in controversies
when different RSGs’ interpretations lead to conflicting opinions (or decisions) of the same
task. This process must continue until such conflicts are resolved (or at least result in a
cessation of further conflicts) and the resulting interpretation no longer poses a problem to
any stakeholder. When the collaborative engineering process achieves “closure” via collaborative negotiation or conflict resolution, no further arguments will occur and the
shared interpretation and perspective stabilize to form a common understanding of the
task-work. Such a stable state, which is particular to the said collaborative engineering
team at the time, becomes the starting point for the next round of social constructions as
the task-work, team, or time evolves, leading to the interesting socio-technical cycles of
collaborative engineering in modern enterprises.
Wider context. Recent social construction studies have recognized that there is always a
wider socio-cultural-political milieu in which the social construction process takes place in
real-world teams and organizations. We have observed in engineering teams that these
“background conditions,” e.g., members’ relationships, professional expertise and past
track-records, corporate operating procedures ordering the interactions, and perceived organizational powers, are all important to the process and result of collaborative engineering practice. In our research, these wider contexts and background information are
incorporated as a way to circumvent Arrow’s paradox (which is based on a democratic
decision-making), when the team tries to form a consistent group preference (Section 6.2.3).
An implementation example of this social construction process is presented in Section 7.
6.2.3 Discourse stakeholder inclinations to establish group preference
The next fundamental technique is concerned with how a group preference can be established and used for a PJD task by a collaborative engineering team. The possibility of consistently aggregating the preferences of many into a single group preference is what makes
the PJD task in collaborative engineering possible and challenging. This capability hinges
on the opportunity for stakeholders to collaboratively engage in open discourse about and
fair comparisons of their different preferences [170], based on a socially constructed common
understanding (Section 6.2.2). Individual preferences and their relative strengths, expressed against this common understanding, must be represented and rated in a continuous
option space with spatial social-choice models (Section 4.2.3). Unlike many applications,
for which continuous alternatives are often either impractical or impossible due to the nature of domain knowledge and representations, engineers can often use proper numerical
simulation models to generate real-numbered alternatives in a continuous space. We believe that, especially in the engineering domain, in which many physics-based models exist, preferences (and their relative strengths) for multiple task-work alternatives can be
formulated and compared (via open discourse) using uni- or multi-dimensional spatial
preference models with a continuous set of alternatives. This affords us the unique opportunity of establishing a group preference consistently to carry out the PJD task to achieve
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team agreement in collaborative engineering that does not violate Arrow’s group decision
theorem.
6.2.4 Utilize joint negotiation to attain team agreement
The last issue relates to how stakeholders can make joint decisions that lead to a robust
team agreement based on the consistent group preference established by all members
above (Section 6.2.3). After Arrow’s group decision paradox is removed, stakeholders can
directly and proactively participate in making joint decisions via collaborative negotiations
based on the group preference derived from spatial social-choice models of the domain.
This interactive process can be best understood and guided through knowledge of decision
science (Section 4.2.4), especially negotiation analysis studies [158]. When multiple stakeholders make joint decisions to reach an agreement on a specific alternative, and they share
the consequences or payoffs, they must collaboratively negotiate with each other for winwin solutions. Our ECN hypothesis expands the traditional notion of negotiation for competitive bargaining to depict collaborative negotiation as an effective means to accomplish
the PJD task. To negotiate collaboratively, stakeholders must coconstruct a common understanding, shared perspectives, and reasonable preferences that result in a satisfying
agreement for all, with improved utilities for, at least, some. Relevant concepts, such as the
bounded rationality and satisfying concepts from organizational behavior theory, the social interaction and social construction from social cognition, and the rating of continuous
alternatives from social choice (Section 4.2), must all be incorporated in the ECN-based
collaborative negotiation approach.
For example, the “satisfying” concept in ECN resonates with the BATNA (best alternative to a negotiated agreement) principle from negotiation research [158]. Stakeholders
must start with clearly identified BATNAs before engaging in collaborative negotiations
because they cannot make a wise decision about whether to accept a negotiated agreement
unless they know what their other alternatives are. If the proposed agreement is better
than a BATNA, then stakeholders should accept it; otherwise, they should continue negotiations. The “bounded rationality” and social interaction concepts in ECN match well with
the EATNA (estimated alternatives to a negotiated agreement) principle from negotiation
research. Perceptions (e.g., perspectives of the task-work at hand) are what matter in a
negotiation, when it comes to deciding whether to accept an agreement. If stakeholders
“think” that they have better alternatives, they will often pursue those options, even if they
may not be as good as they appear to be. If stakeholders “think” that others have better
alternatives, they will often be more willing to agree to keep them in the negotiation. One
of the ECN challenges is to be able to influence the other party’s perception (i.e., decision
perspectives) of your BATNA in the team’s overall favor via guided social interactions
(Section 6.2.2). This may require the FOTE (fully open and truthful exchange) principal
from negotiation analysis being in place for all stakeholders involved in a collaborative
engineering negotiation.
To complete the description of our scientific foundation of collaborative engineering,
Table 4 summarizes the above required models and techniques as well as their respective
disciplines that can instantiate the STF and the ECN-based collaborative engineering processes. We also contrast the existing approaches with that of collaborative engineering to
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indicate areas where new research efforts are needed. We should note that other disciplines, such as cybernetics [171], control theory [172], systems engineering [173], design
theory and methodology [174], and network and information technology [102] can also
contribute to the development of these needed models and techniques, but they are not
discussed here.
Table 4. Needed models/techniques for ECN research
ECN Collaborative
Engineering
Process and Stage

Required
Models and
Techniques

Constituting
Discipline

Traditional
Approach

Collaborative
Engineering
Approach

(1) Manage
interaction

Collaborative
behavior

Organizational
science

Economic man
operates in open
large groups

Organizational man
operates in small
teams with
incentives

(2) Construct
understanding

Social
construction

Social
psychology

Self-interested full
rationality with
static perspective

Social construction
theory with
dynamic evolving
perspective

(3) Discourse
preference

Team
inclination

Social choice

Ordinal ranking
with discrete social
choice models

Cardinal rating
with spatial
continuous social
choice model

(4) Attach
agreement

Collaborative
negotiation

Decision
science

Classic decision
analysis; game
theory approach

Collaborative
win-win negotiation
framework and
analysis

7 Modeling Stakeholder Perspectives during Social Interaction
The “dynamic stakeholder perspectives” are the key linkage between the teamwork of
groups and the task-work of individuals in our STF. This is because, for a team to carry out
the PJD task collaboratively to reach an agreement, we must allow and, in fact, encourage
the stakeholder’s decision perspectives of (and preferences for) task-work to vary during
social interactions. If these perspective and preference variations can be properly guided
in teamwork, they can maximize the synergy among stakeholders, leading to task-work
results that are beyond the reach of any single mind. Unfortunately, this dynamic feature
makes the understanding and management of collaborative engineering activities very difficult. We believe that the ability to model the dynamic evolution of stakeholders’ perspectives during teamwork to establish a common understanding of task-work is one of the
most important challenges in our proposed STF. To demonstrate how such a modeling
capability can be developed, this section presents an example implementation, called a SocioTechnical Co-construction Procedure (STCP), which can make the ECN-based collaborative engineering process operational [175]. Here, co-construction is a dynamic interaction
process of gradual and mutual confluence of stakeholders’ different perspectives via conflict management to collaboratively produce a shared reality (or a common understanding)
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that individuals are unlikely to produce on their own. The STCP explicitly models stakeholders’ changing perspectives and tracks their dynamic perspective models as a way to
resolve decision conflicts during collaborative negotiation to reach an agreement.
7.1 The Socio-Technical Co-construction Procedure
An STCP has three basic components working in sync to achieve a PJD. The first is “declare
an initial task-work decision process,” which serves as the baseline process of an STCP. The
baseline process refers to a series of structured activities, consisting of tasks and states,
which must be performed by stakeholders according to some preestablished task-work
steps adapted from the specific domain practices or mandated by corporate policies (e.g.,
standard operation procedures). For example, when a collaborative product development
team tries to identify the voices of customers from the market, the team may choose (or be
required by their company) to follow the established QFD procedures as their task-work
baseline process, from which an STCP is enacted. Tasks and states of this baseline process
are required inputs for an STCP, acting as the “initial conditions” of a collaborative engineering campaign; they will be dynamically coconstructed during the campaign as a result
of social interactions in teamwork.
The second component is “analyze stakeholders’ perspective models.” The human perspective is a complex phenomenon that is impossible to model in an all-encompassing
manner. Therefore, we take a simplified approach to define a “perspective” as the stakeholders’ current “viewpoint,” which includes the purpose, the context, and the content, toward specific concepts in the concept structure of a task-work. A concept structure (CS) is
an ontological organization of information about the task-work that stakeholders propose
and use in a collaborative process. Our models focus only on those “pertinent perspectives,” i.e., perspectives that are directly germane to the concepts of stakeholders’ specific
interests in the CS. This gives us the ability to analyze, track, and possibly eliminate the
differences (or conceptual distances) among these pertinent perspective models as a means
to manage the conflict among stakeholders at any given time (see the third component
below). The results of these perspective model analyses can also provide explanations of
stakeholder decisions and offer some rationales for future conflict management by the
team. Although limited in scope, the perspective models in our STCP have rather complex
behaviors because we treat stakeholder perspectives as evolving entities that are dynamically modified (or co-constructed) by other stakeholders during an STCP.
The third component is “manage stakeholders’ conflicts,” which are defined and quantified by the “conceptual distance” between stakeholder perspectives of a specific concept
in the CS. Conflicts take a more positive role in our STF, serving as the “driving force”
behind the synergy between teamwork and task-work. In an STCP, conflicts are revealed
by perspective model analyses (see the second component above) and are resolved systematically with different strategies based on these analysis results. The earlier and more
frequently that we can identify, manage, and resolve conflicts in teamwork, the better the
collaborative engineering task-work outcomes will be. The team can collaboratively deal
with conflicts by using the rich information captured and modeled in stakeholder perspective models. For example, aided by the purpose and context information (Section 6.2.2) in
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the stakeholders’ perspective models, various social or technical conflicts can be managed
and resolved at the content, context, or purpose level.
7.2 Eight Specific Steps of an STCP
An STCP can be realized by eight consecutive steps, which connect the conceptual propositions derived from the STF (Section 6.2) with operable actions based on the ECN-based
collaborative engineering process (Section 5.3). We should note that these specific STCP
steps represent just one possible means by which the PJD task can be realized and managed
in collaborative engineering and that many other alternative approaches exist. Figure 7
illustrate these steps and how they operate together to reach a PJD based on the ECN hypothesis [166].

Figure 7. Eight specific steps of an STCP

Step 1. Define “Baseline Process” (BP) to initiate STCP:
The baseline process represents commonly accepted “workflows” of task-work from the
technical application domain. These “workflows” specify the necessary technical steps that
dynamically produce the “knowledge flows” throughout the STCP, based on social interactions among participating stakeholders (Step 2). The initial BP can be modified later as a
means to resolve conflicts.
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Step 2. Identify “Stakeholders” (S) for an STCP:
Stakeholders are those who have an interest in the outcomes of, and will directly or indirectly participate in, an STCP. This definition extends the traditional scope of a collaborative engineering team beyond engineers to also include other nontechnical parties (e.g.,
customers and regulatory agents) as participants. Stakeholders play a key role in the STCP,
proposing concepts to the CS (Step 3) and carrying out required tasks.
Step 3. Propose a preliminary “Concept Structure” (CS):
A CS is an “initial proposal” of required task-works suggested by stakeholders, based on
their experiences, domain knowledge, or standard solutions. During the progression of the
BP (Step 1), once an STCP begins, CS will be dynamically grown, revised, and continuously
enhanced by all stakeholders. In this way, the initial CS will get progressively more complete as different concepts are added or modified by all stakeholders.
Step 4. Establish initial “Perspective Model” (PM) in CS:
Once a preliminary CS is proposed (Step 3), all stakeholders can express their current opinions towards specific concepts in the CS in which they have a direct interest or special
expertise. These “opinions” are represented as the stakeholder’s “perspective model” of
those specific concepts at that time. During the STCP, these perspective models will be
dynamically modified and thus evolve with time via social interactions.
Step 5: “Perspective Model State Diagrams” (PMSDs):
PMSDs explicitly depict the “relationships” among stakeholders’ current own or shared
perspectives, i.e., purpose, context, and content information in regard to a concept in the
CS. They provide a structured way to systematically compare and examine the “perspective differences” (Step 6) among involved stakeholders as a means to guide the conflict
management activity (Step 7) to achieve a common understanding and agreement.
Step 6. Perform the “Perspective Analysis” (PA):
The above PMSDs provide structured information, which can be periodically analyzed to
reveal the distances between different stakeholder perspectives of a specific concept in the
CS at given time intervals. To facilitate teamwork effectiveness, some predefined (or coconstructed) thresholds can be used to cluster different stakeholders as RSGs (Section
6.2.2), based on their perspective distances at that particular moment.
Step 7. Conduct “Conflict Management” (CM):
Based on the above PAs, stakeholders are in conflict if their perspective distances are larger
than the preassigned thresholds (or belong to different RSGs). CM attempts to reduce these
distances to reach consensual agreement among stakeholders by changing their perspectives, concepts in CS, or the baseline steps. After proper conflict resolution strategies are
implemented, the STCP continues to iterate (from Step 4) until no further conflict is detected.
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Step 8. Obtain the “Shared Reality” (SR):
The final outcome of an STCP is called “shared reality” (i.e., common understanding or
agreement). In addition to a product model (in the case of product development), SR may
also include newly co-constructed domain concepts and shared stakeholders’ perspectives,
which are useful for future collaborations among same stakeholders on similar problems.
More socially co-constructed SRs by collaborative engineering teams can improve an organization’s competitiveness in the long run.
Various implementation options exist to make the above STCP steps operational, so that
the STF and the ECN hypothesis can be validated. For example, methods such as colored
Petri-nets can be used to model the baseline process (Step 1) that can drive an STCP and
then, in turn, be driven by the conflict management activity. Further investigations on the
proper architectures of concept structure (Step 3) are needed, so that it can serve as a central repository of task-work information and work synchronously with the Perspective
Models (Step 4) of stakeholders. Next, we present an example implementation that uses a
discrete-time dynamic system and feedback control engineering approach [176] to model
the dynamic evolution of stakeholders’ perspectives using PMSDs and PA (Steps 5 and 6).
7.3 The Dynamics of Stakeholder Perspectives
As an example, we present a discrete-time dynamic system and feedback control engineering approach to mathematically model the co-evolutions of stakeholder perspectives. After
completing Steps 1, 2, 3, and 4 of an STCP (Section 7.2), we assume that each stakeholder
j, at any instance of time t, has a store of internal information (Hj,t), a perspective(Pj,t), and
the external data (Dj,t). We further denote the total sum of the external data as
𝐸𝐸𝑡𝑡 = � 𝐷𝐷𝑗𝑗,𝑡𝑡
𝑗𝑗

𝐹𝐹
and define a perspective as having a “filtering” part (𝑃𝑃𝑗𝑗,𝑡𝑡
) to access and generate data, and
𝐿𝐿
𝐹𝐹
a “learning” part (𝑃𝑃𝑗𝑗,𝑡𝑡 ) to update 𝑃𝑃𝑗𝑗,𝑡𝑡 . All the modeling equations are summarized in Figure 8.
Equation 1 states that stakeholder j updates his or her internal information on the basis of
𝐹𝐹
total available external data by filtering the data through his or her perspective (𝑃𝑃𝑗𝑗,𝑡𝑡
) and
combining it with the internal information (Hj,t). Equation 2 states that this update of internal information causes his or her perspective to evolve in time. Equation 3 states that the
external data a stakeholder generates at time t + 1 are created by the updated perspective
acting on the updated internal information. These dynamic equations represent stakeholders’ perspectives as an “operator,” which acts on the external data that are encountered
and the external data that are produced. The produced external data, in turn, are encountered by other stakeholders and interpreted by their perspectives. Cycles continue throughout an STCP.
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Figure 8. Dynamic system and feedback control model

With these basic operations defined, we can model an STCP as an “understanding-sharing”
process among stakeholders. As seen in Equation 4, we define the understanding of a
stakeholder j at time t, (Uj,t) as an operator that depends on his or her perspective and his
or her internal information. The goal of an STCP in collaborative engineering is to make

Uj,t(Dj,t) ∩ Uk,t(Dl,t) as “large” as possible for t > m, Dl,t ∈ C(k,j), where C(k,j) represents communication between stakeholders k and j, and m is a suitable time horizon. One way of
enlarging stakeholders’ common understanding is to influence the dynamic relations
(Equations 1–4) using a set of “controls” specified in Equations 5–7 in Figure 8, in which
the perspective acts as the coefficients and the perceived data as the values of the parameters. The result of applying these equations for a set of values is the internalized information or the externalized data. The adaptive feedback is a process that actively changes
the coefficients. For example, controls Nj may be seen as collaborative negotiation activities. These three control equations (Equations 5–7) indicate that negotiation at the external
data level (ND,j) alone is not enough to support collaboration in the socio-technical co-construction process. It is vital to encourage stakeholders to negotiate at the perspective (NP,j)
and internal knowledge (NH,j) levels and to provide necessary social network information
on involved stakeholders.
7.4 Analyzing Stakeholder Perspectives to Manage Decision Conflicts
With the above mathematical models of stakeholder perspectives, the next step in an STCP
is to perform perspective analyses (Step 6, Section 7.2) to determine the current degree of
agreement (or difference) among stakeholders. This step has three phases: (1) review perspective models in perspective model state diagrams (PMSDs) to establish a perspective
distance matrix, (2) perform cluster analyses to determine the similarities and differences
between stakeholder perspectives of a concept in CS, and (3) resolve conflict by minimizing
the distance between stakeholder perspectives. These phases will be iteratively carried out,
leading to a state in which the distances between stakeholder perspectives are either completely eliminated or are reduced to below a preagreed threshold.
In the first phase, stakeholders review perspectives in PMSDs and use some intuitive or
analytical approaches to determine similarities/differences between perspectives i and j,
defined as “distance,” di,j. The intuitive approach, for example, asks stakeholders to review
𝑖𝑖
their own PMSDs to derive di,j independently. In other words, di,j is determined by 𝑑𝑑𝑖𝑖,𝑗𝑗
and
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𝑗𝑗

𝑑𝑑𝑖𝑖,𝑗𝑗 , specified by stakeholder i and j, respectively; the final value of di,j is the weighted av-

erage of these two estimations. With the analytical approach, perspective stakeholder
models of a concept can be viewed as a network of elements associated with each other,
called the perspective model network, which can be converted to a perspective interaction
matrix. For example, Figure 9 illustrates a set of seven perspective models, using solid lines
for “agreements” and dotted lines for “disagreements” between stakeholders’ perspectives. Although the lines are typically unidirectional in a perspective model network, connections also can be multidirectional and depicted with multiple arrows, as shown in the
figure.

Figure 9. Perspective model network and matrix

By analyzing the structure and relationships of these perspective model networks and
perspective interaction matrixes, we can determine similarities and differences among
stakeholders’ perspectives. If perspective models are structurally equivalent (i.e., their relationships with related perspective models are the same), they are treated as “compatible,” with no detectable differences and are placed in the same “position” within the
perspective model network. Otherwise, we can apply hierarchical clustering (both agglomerative and divisive) to the perspective interaction matrix to generate a tree structure (dendrogram) that partitions the interactions into subclasses (Figure 10). A cluster tree with a
simple structure representing the similarities between stakeholders and fewer levels implies that all of the perspective models therein have similar attitudes toward. However,
fewer levels do not always indicate a more uniform perspective model. The overall height
of the cluster indicates the distance (i.e., dissimilarity) between perspective models. If most
perspective models are within a cluster that is relatively short, then they are considered to
be more compatible with each other. If the clustering levels are fairly high, then perspective
models are more isolated from each other; this denotes that the perspective models are not
readily shared.
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Figure 10. Perspective distances and cluster analyses

Despite many simplifications, the above mathematical models and analytical approaches
can offer useful approximations of the changing perspectives of an individual in teamwork, so that we can conceptually understand stakeholders’ social interactions during an
STCP. It is through the integration and evolution of stakeholder perspectives, and updates
of their internal information and external data, that we can understand the dynamic social
interactions among stakeholders during collaborative engineering, hence contributing to
the development of a collaborative engineering theory.
8 An Industrial Case Study to Validate Our Collaborative Engineering Research
This section presents an industrial case study of the commercial vehicle manufacturer
DaimlerChrysler Truck Group (DCTG) to validate the collaborative engineering framework and approaches that have been described in this paper. We report on how DCTG
employs a Global Innovation Management (GIM) strategy with regard to organizational,
structural, and behavioral aspects of the collaborative engineering principles discussed in
the paper. As a global organization that serves many local markets, DCTG uses GIM to
achieve the difficult goal of balancing conflicting globalization and localization requirements. Specifically, the task of GIM is to realize the competing “scale” and “scope” effects
in product planning and engineering process. The scale effects enable a global company to
offer products at lower prices using mass production (i.e., the economy of scale). Meanwhile, customer requirements in different markets require consideration of local specifications and standards, which present many conflicting constraints to mass production. As
indicated in Figure 11, GIM is essentially a dynamic “balancing act” between high production quantities and high product variations, two conflicting objectives that must be addressed by collaborative engineering.
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Figure 11. Conflicting interests in scale and scope

Product planning in GIM involves complex and interrelated activities that can be broken down into a five tasks. The first is to examine the market environment and its critical
influences such as customer segments, competitors, market strategy, and technological
trends. The second task is to design the product portfolio, which is then followed by the
third task, which is to define the communality strategy of the product. The fourth task is
to manage the product release, which leads to the final task of designing concrete development projects. The benefits and effects of our collaborative engineering approach are
demonstrated specifically in relation to the third task, the management of global communality.
One of the main goals of communality management is to ensure the reuse of results
from existing engineering processes to save manufacturing costs. Communality effects can
be achieved in three different areas:
•

Product communality: generating physically identical products and components
by realizing a maximum of economies of scale.

•

Technological communality: bundling technological core competencies to realize
process and product robustness as well as flexible use of technologies.

•

Engineering communality: using design similarity and corresponding methods
(e.g., parametric design, design rules) for fast realization of product variants and
exchangeability of product information

Communality management must tackle the conflicts between aiming to reduce production
costs by the use of standards in product structure (global standardization) and trying to
offer a range of individual products to local markets (regional adoption).
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8.1 The Company and Problem Backgrounds
The business of manufacturing commercial vehicles has changed rapidly over the last few
decades. In the 1970s, approximately 40 manufacturers were in business worldwide. In
2005, this number was reduced to 15 companies that act in the triad markets. Despite this
decrease, the world market has doubled over the last 20 years. As a result, several companies had to merge their product strategies, R&D resources, and capabilities as well as production lines. They also responded to the challenge of joining different brands in one
organization by integrating different market perspectives and quality.
DCTG is currently the biggest player in the commercial vehicle market. With 10 different brands, the company is operating at 64 sites across the globe. It develops, delivers, and
sells products in different markets (e.g., NAFTA, Europe, Latin America, and Asia, especially Japan) featuring different brands (Freightliner, Sterling, and Western Star in Northern America, Mercedes-Benz in Europe, and Mitsubishi Fuso in Asian). DCTG sales
presently exceed the sales of other competitors by more than a factor of two. Given that a
company of such size should be able to benefit from the scale effects of their market position, DaimlerChrysler recently stated that DCTG has not been able to fully realize significant communality effects in former years as a result of separate brands and markets that
were not integrated. Therefore in 2003, the management of DCTG set up a comprehensive
change management program called “Turning Scale into Profit.” The program strategy is
to enable DCTG to profit from its position as world market leader by achieving cost advantages. The aim is to standardize, as much as possible, vehicles, components, and manufacturing parts, and to globally integrate these standards. For example, synergy effects
might be achieved between the heavy Freightliner Truck and the Actros of DaimlerChrysler.
As a result of this program, DCTG developed a “communality roadmap” that describes
effects on the level of the product, its suppliers, the production system, and the company’s
knowledge. It also built a new organization called Truck Product Creation (TPC) that
changed the engineering and decision-making processes in the company. This case study
highlights the principles of collaborative engineering and ECN at their core, even though
DCTG does not characterize them as such.
8.2 Shared Understandings and Perspectives
Our ECN-based approach claims that the integration of different stakeholders’ perspectives plays a significant part in collaborative engineering (Section 4). This claim raises a
few practical questions, such as: (1) which decision-making process might be identified as
relevant? (2) what kind of concept structure (CS) has to be decided on? and (3) who are the
stakeholders? The joint decision process in global communality management must find
answers to these questions, both in terms of the degree of communality with respect to the
local adoption of vehicles, components, and manufacturing parts, as well as the degree of
standardization in the product structure.
The degree of communality across the product program of DCTG can be obtained only
by collaboration among multiple conflicting interests defined by different market requirements. For example, the Asian market requires small and agile commercial vehicles,
whereas Northern American business demands trucks with a maximum load and capacity.
Former organizational structures of DCTG did not take into account these different local
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requirements. Each market had its own representative who was responsible for his own
local business. These representatives exercised a high degree of freedom in product planning, with the main goal and dominating perspective of increasing local market shares.
Although this goal was in line with a pursuit of economies of scale, it failed to take advantage of the communality effects across multiple brands and markets. This insufficiency
was also due to a lack of information and knowledge of how to influence product design
in different markets in a communality-oriented manner.
The stakeholders involved in this decision process were the design experts who suggested an optimized product structure, the market representatives who argued that design
must meet local demands, and the management who held the final decision-making authority. In the past, decisions about alternatives in product designs were made at higher
levels of the organization. Due to this rigid structure, the information that reached the upper management was always reduced and filtered. With regard to the requirements of
“common understanding” for collaborative engineering (Section 5.2), there was no feedback loop from management to technical experts and vice versa to achieve common understanding. The stakeholders could not obtain a shared reality because their resulting
perspective distance was not transparent to all. There was a lack of consensus behind decisions, which often produced suboptimal results at best.
8.3 Deployment of Collaborative Engineering
The problems caused by the strictly market-oriented approach were one of the reasons that
DCTG attempted the collaborative engineering approach to seek higher economic returns
with greater cost reductions through better collective decisions in communality management. The main challenge was to achieve better consensus between multiple stakeholders,
when addressing market demands and, at the same time, increasing the reusability of production technology and design platforms. Better collaborations had to be established to
achieve synergy among the stakeholders’ competing objectives and an amalgamation of
their different perspectives. Four main changes characterize the restructuring of DCTG:
•

Matrix structures that integrate product planning and product development (i.e.,
the matrix organization).

•

Common understanding of product planning and development objective by defining global mandatory system architecture (i.e., the system architecture).

•

Globally distributed component-oriented engineering groups to lead the development of specific truck components (i.e., the lead engineering team).

•

Connection of all necessary resources in product planning and development processes via a network (i.e., global Truck Product Creation: TPC network).

The matrix organization enhances the collaboration between the market-oriented perspectives of the different brands with the communality-oriented perspective of product
development. Within this new structure, the system architecture defines the concept of
product development by delivering its main structuring criteria. The new system architecture is divided into four main subsystems: cab (common cab architecture), chassis (common frame architecture), mechatronics (common E/E architecture), and powertrain (heavy
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duty and medium duty engine family, heavy duty transmission portfolio). The matrix organization can link the vehicle and brand structure to the system’s architecture, hence enabling collaboration between different brands and markets.
Another key element in this collaborative engineering approach is the lead engineering
team (LET). A lead engineering team represents equally the stakeholder perspectives of
manufacturing, procurement, and engineering. Each team consists of a lead manufacturing
engineer, a lead buyer, and a lead design engineer who work at the same level in the organizational hierarchy, and each collaborates closely with his or her regional counterparts.
Each team is directly linked to one of the four main subsystems in the system architecture.
A total of 52 LETs was established for the development of special components (e.g., motor,
transmission, axis of the truck). The use of collaborative LETs improves global collaboration in component development of the vehicles. The main advantage of these lead engineering teams is the harmonization of component development across various product
portfolios. All stakeholders act at the same level of the organizational hierarchy to promote
and ensure a highly collaborative joint decision-making process. Another important effect
on DCTG is the implementation of the TPC-Network. It achieves global coverage of all
development elements and involves fewer hierarchy levels and biases compared to the
former brand-oriented structures. It integrates product planning with regional foci on
brand and production planning with global standardization of components.
The conflicting objectives between scales and scopes can now be discoursed systematically and resolved competently, leading to participative joint decisions that underlie the
final agreement to which all stakeholders are committed. This collaborative engineering
approach further improves development of product portfolios and leads to joint development projects across brands and markets. The resulting projects deliver the basis for the
targeted cost reduction effects, including the reuse of manufacturing parts (e.g. motor, air
conditioning system, gear boxes), the definition of global systems and architectures (e.g.,
breaks, cabin, electronics), and the development of regional-specific components for local
market needs. As a result, the variety of components and the product costs are reduced
significantly. An example of this integration of product components from different brands
and the reduction of future component variants in chassis are presented in Figure 12.

Figure 12. Resulting reductions in variants in chassis
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8.4 STCP for a Cross Member of the Truck Chassis
To illustrate the applications of collaborative engineering and ECN on DCTG, this part of
the case study presents a description of a concrete decision task, i.e., how to manufacture
a cross member part, as part of the global communality management at DCTG. The function of the cross member, as a part of the truck’s chassis, is to connect different modules of
the chassis and to transmit the load of connected components. It is also the main part of
the truck’s structure and is assembled in every kind of vehicle, regardless of the brand or
size of the truck. The challenge in this decision task is to decide on how to take advantage
of different communality effects in order to reduce part cost during manufacturing.
According to Step 1 of an STCP (Section 7.2), the baseline process for this decision task
is typically provided by the company’s internal global change management process. This
process is mainly initiated by corporate functions, such as procurement or engineering,
which are responsible for the continuous reduction of product costs. The main steps in the
change management process include, for example, initiation of the process, verification of
change impact (functional and financial), collection of necessary data to evaluate change
request (e.g., via suppliers, development, manufacturing), collaborative evaluation of the
change request and final discussion in the lead engineering group. The stakeholders (Step
2 of an STCP) who participate in the baseline process are members of a lead engineering
team from the three involved brands (i.e., Freightliner, Mercedes-Benz, Mitsubishi Fuso)
and other relevant functional disciplines (e.g., manufacturing, procurement, engineering).
The typical number of stakeholders involved in this collaborative engineering endeavor is
nine. Due to the cost reduction objective, the team had to develop a concept for a cross
member that allowed for a maximum of communality across all brands. Another requirement was to enable integration of this component in the different chassis concepts of the
brands. The initial concept structure (Step 3 of an STCP) promoted the adaptation of one
common cross member for all vehicles in the product portfolio. The intended communality
effects (i.e., commercial advantage of the change request) were in purchasing (i.e., higher
purchasing volume leading to a reduced supplier price) and engineering (i.e., developing
one cross member as opposed to multiple parts). During the collaborative engineering process, three perspectives of the conceptual structure were gathered from different stakeholders with respect to different brand requirements (Steps 4 and 5 of an STCP):
•

Perspective 1: European trucks had no restriction, using only one common cross
member.

•

Perspective 2: Asian cross member concepts are based on different steels with different parameters (e.g., elastic modulus or tensile strength). Therefore, the Asian
perspective was that a global communality part would fail due to functional aspects.

•

Perspective 3: The North American aftermarket has special requirements concerning the easy assembly and disassembly of cross members. Hence, this stakeholder
asked for a second, special engineered variant for the North American aftermarket.

Other functional considerations that influence collective decisions of possible communality for the cross member are width and height of the part as well as preferences for
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material, including its impact on the geometry and design of the part. As a result of the
perspective analysis (Step 6 of an STCP) of involved stakeholders, the distances (i.e., conflicts) between different perspectives, which were to be reduced, were of both commercial
and functional natures. Two specific considerations led to the resolution of these conflicts
(Step 7 of an STCP). First, the functional and technical feasibility of a common cross member concept was proven. After positive proof of the technical concept, the commercial impacts on Freightliner, Mercedes-Benz, and Mitsubishi Fuso were then evaluated. The single
commercial cases for each brand were negative, but over the whole group were positive.
The reasons for this were possible scale effects and the closer integration of local suppliers.
After final discussion, every stakeholder was convinced of the common cross member concept. A shared reality (Step 8 of an STCP) was obtained, based on this new knowledge of
cross brand communality effects. Without an STCP, the common part concept for the cross
member would not have been realized. The collaborative engineering approach successfully enabled the company to reduce the overall part costs.
8.5 Positive Effects of Collaborative Engineering
The industrial case study of the DCTG demonstrates the positive effects of collaborative
engineering and ECN applications. The new matrix organization, with clear system architecture and lead engineering teams that facilitate participative joint decision processes, delivered a broader variety of satisfying solutions and alternatives for complex engineering
tasks. The collaborative decision-making process is less biased by rigid, single-minded, or
isolated perspectives. As a result, a considerable number of executives have been positively influenced by the additional outcomes of this kind of collaborative decision-making.
Further, the approach of company-wide concept discussions and benchmarking contests
produced positive effects, such as an enhanced willingness to find innovative solutions
and reduction of the not-invented-here phenomenon as well as a new corporate culture
shared by all stakeholders. The DCTG case study shows that ECN has the power to significantly widen the potential for profit. In the case of DCTG, the communality potential for
future truck products is estimated to be 80–90% between the brands of Mercedes-Benz and
Mitsubishi Fuso alone. The communality potential between all brands is at least 50–60%.
Employing collaborative engineering principles is a promising way of achieving these
communality effects.
9 Summary and Conclusion
Production engineering is the most dynamic discipline of the engineering profession and
one that must take on more social responsibilities. The ultimate success of this discipline
depends on our vision and ability to initiate, lead, and act as the “change agent” for the
important technological, economic, social, and geo-political developments that are revolutionizing our world. Some of these developments, such as novel materials and new processes and machines, are of a purely technical nature and, as such, can be systematically
understood, developed, and applied by studying their corresponding disciplines in natural sciences. Others, such as new integration approaches, management methodologies, and
production paradigms, involve complex human activities and social factors that go beyond
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pure technical considerations. The understanding and practices of these new socio-technical
developments at the system level of production engineering require broader knowledge
of human beings, organizations, and society, outside of the scope of traditional engineering
research based on natural sciences. Collaborative engineering is such a socio-technical development that is rapidly shaping the global production industry today, and it will significantly change the ways we do production engineering tomorrow. The human-centered,
practice-based, and socio-technical features of collaborative engineering present a great
challenge for the engineering research community.
Regardless of one’s position toward the intellectual values of collaborative engineering
research, no one can doubt the importance of collaboration in improving our industrial
competitiveness. Despite the few successes that have been achieved by some companies
with collaborative engineering approaches to date, the great demand for better collaboration support by the industry as a whole has put a strain on our basic understanding of this
subject. Without improved knowledge, better theories, and more systematic methods and
robust tools, the current ad-hoc applications of collaborative engineering ideas cannot sustain the test of time and will not result in long-lasting impacts. In support of increasing
globalization, we have taken the first step to fulfill our responsibility of generating a better
and more scientific understanding of collaborative engineering. The foundation, definition, hypothesis, framework, and process described in this paper should be seen as a “stepping stone” for the entire engineering community to begin scientific undertakings that can
eventually lead to the development of sound collaborative engineering theories. Just like
the tremendous growth experienced by the power industry after thermodynamics theories
became available, we believe that the production industry will enjoy many revolutionary
advances once collaborative engineering theories are established.
Time Magazine’s 2006 Person of the Year selection of “You” was a clear reflection that
the high-connected world we live in today is very different from that of the last century. It
recognizes people and organizations that are coming together to collaboratively shape the
future in virtually every sphere of our lives around the world. More than ever, we are not
merely passive observers but active participants in a world that we are jointly creating. As
collaboration has become a vital part of our industry and society, it is a good time to recall
Albert Einstein’s words: “The world we have created is a product of our thinking. It cannot
be changed without changing our thinking.” The ultimate goal of our collaborative engineering research is to change the current thinking toward many engineering tasks that are
intrinsically human-centered and must be pursued by socio-technical means. The potential
impacts of these efforts go beyond just engineering productivity in industry and economic
competitiveness of our society. The continuous and rigorous quests for collaborative engineering research will ultimately expand our proper understanding of “engineering” as a
scientific discipline and the true challenge of “engineering” as a practical profession. We
believe that a completely new frontier for “the broader discipline of engineering” can be
gradually discovered through the scientific pursuits of collaborative engineering. The specific research efforts described in this paper represent a small step for engineers, but a giant
step for engineering!
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